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ABSTRACT

NON-EQUILIBRIUM MOLECULAR DYNAMICS OF
ELECTROMIGRATION IN ALUMINUM AND ITS ALLOYS

SEN, FATIH GURCAG
M.Sc., Department of Metallurgical & Materials Engineering
Supervisor: Assoc. Prof. Dr. Mehmet Kadri AYDINOL

September 2006, 99 pages

With constant miniaturization of integrated circuits, the current densities experi-
enced in interconnects in electronic circuits has been multiplied. Aluminum, which
is widely used as an interconnect material, has fast diffusion kinetics under low tem-
peratures. Unfortunately, the combination of high current density and fast diffusion
at low temperatures causes the circuit to fail by electromigration (EM), which is the
mass transport of atoms due to the momentum transfer between conducting electrons
and diffusing atoms. In the present study, the effect of alloying elements in aluminum
on the diffusion behaviour is investigated using a non equilibrium molecular dynamics
method (NEMD) under the effect of electromigration wind force. The electromigra-
tion force was computed by the use of a pseudopotential method in which the force
depends on the imperfections on the lattice. 1.125 at% of various elements, namely
Cu, Mg, Mn, Sn and Ti were added into aluminum. The electromigration force was
then calculated on the alloying elements and the surrounding aluminum atoms and
these forces incorporated into molecular dynamics using the non-equilibrium formal-
ism. The jump frequencies of aluminum in these systems were then computed. Cu,

Mn and Sn impurities were found to be very effective in lowering the kinetics of the

v



diffusion under electromigration conditions. Cu was known experimentally to have
such an effect on aluminum for several years, but the Mn and Sn elements are shown

here for the first time that they can have a similar effect.

Keywords: Electromigration, Diffusion, Non-Equilibrium Molecular Dynamics, Alu-

minum Interconnect.



Oz

ALUMINYUM VE ALASIMLARINDA ELEKTROGOCUN
MOLEKULER DINAMIK SIMULASYONU

SEN, FATIH GURCAG
Y. Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Do¢. Dr. M. Kadri AYDINOL

Eyliil 2006, 99 sayfa

Entegre devrelerin siirekli kiigiilmesiyle elektronik devre baglanti elemanlarinda olusan
akim yogunlugu katlanarak artmaktadir. Bu tiir devrelerde genis ¢lgiide kullanilan
Aliiminyum metali, diigiik sicaklikta hizli yayinim devinimine sahiptir. Aym anda
hem yiiksek akim yogunlugu, hem de hizli yayiim devinimi, devrelerin elektrogog
nedeniyle hizli bir gekilde bozulmasina neden olmaktadir. Elektrogoc, akim iginde
ilerleyen elektronlarin momentumlarini atomlara aktarmalariyla olusan kiitle hareke-
tidir. Bu ¢alismada, aliiminyuma eklenen alagim elementlerinin yayinim davranigina
etkisi, elektrogic kuvveti altinda, denge digi molekiiler dinamik yéntemiyle incelen-
migtir. Elektrogsg kuvveti, kuvvetin kafes igindeki hatalara bagh oldugu psédopotan-
sivel metodu ile hesaplanmigtir. Caligmada, Cu, Mg, Mn, Sn ve Ti elementleri,
%1,125 atom oraninda aliiminyuma eklenmigtir. Elektrogég kuvveti, eklenen alagim
elementleri ve bu elementleri cevreleyen aliiminyum atomlar: iizerinde hesaplanarak
denge dig1 durumu ile molekiiler dinamik yontemine dahil edilmistir. Daha sonra
altiminyum atomlarinin atlama frekansi hesap edilmigtir. Elektrogog kosullar altinda
yayimim devinimi azaltmada Cu, Mn ve Sn katkilarinin ¢ok etkili oldugu goriilmiigtiir.

Bakirin, aliiminyum iginde boylesi bir etkiye sebep oldugu deneysel ¢aligmalar sonu-

vi



cunda uzun zamandir bilinmektedir ancak Mn ve Sn elementlerinin de buna benzer

etkileri oldugu ilk defa gosterilmigtir.

Anahtar Kelimeler: Elektrogog, Yayimim, Molekiiler Dinamik, Aliiminyum baglanti

elemani
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CHAPTER 1

INTRODUCTION

Computer simulations play a very important role in materials science today. Com-
putational materials science acts as a bridge between experimental and theoretical
approaches. Computer simulations are often used both to solve theoretical models
beyond certain approximations and to provide a hint to experimentalists for further
investigations. Understanding the properties of materials in terms of their structure
and the microscopic interactions between them can be established by them. This
serves as a complement to conventional experiments. In addition to that, simulations
can be utilized not only to understand and interpret the experiments, but also to
study regions which are not accessible experimentally, or which would imply very
expensive experiments. Investigation of material properties and materials design by
using computers is cost effective, in which the cost of characterization, synthesis,
processing and testing of materials are eliminated with the use of computer experi-

ments.

The traditional simulation methods for many-body systems can be divided into
two classes of stochastic and deterministic simulations, which are largely covered
by the Monte Carlo (MC) method [1] and the molecular dynamics (MD) method
[2, 3, 4], respectively. In addition to that there is a whole range of hybrid techniques
which combine features from both. Monte Carlo simulations probe the configuration
space by trial moves of particles. Within the so-called Metropolis [1] algorithm, the
energy change between the following steps is used as a trigger to accept or reject the
new configuration. Paths towards lower energy are always accepted, those to higher
energy are accepted with a probability governed by Boltzmann statistics. In that way,
properties of the system can be calculated by averaging over all Monte Carlo moves

(where one move means that every degree of freedom is probed once on average) [5].



By contrast, in MD methods; Newton’s equations of motion are integrated to
move particles to new positions and to get new velocities at these new positions. The
state of a dynamic system is given by its phase space coordinates at a certain time.
In MD, a dynamic system moves and changes its phase space coordinates in time,
evolving towards an internal equilibrium state of the whole system. The macroscopic
observables of the system are then obtained by suitably defined averages over the
phase space trajectory, at the internal equilibrium state of the whole system [6].
Molecular dynamics simulations allow us to calculate static properties as well as

dynamic properties of the system including transport properties.

Transport properties in materials are important as they describe how a material
relaxes back to equilibrium, following application of a mechanical or thermal pertur-
bation [7] . Introducing such perturbations into the equations of motion, produce
a time-dependent non-equilibrium distribution. At this point non-equilibrium mole-
cular dynamics (NEMD) method arises, which is firstly announced by Hoover and
Ashurst [8]. NEMD methods are used to calculate transport properties such as vis-
cosity, self- and mutual diffusion coefficients, and thermal conductivity more precisely

than equilibrium methods [9].

Electromigration is the mass transport of a metal due to the momentum trans-
fer between conducting electrons and diffusing metal atoms. Electromigration has
been known for 100 years, but it is concerned with the development of the integrated
circuits. The thin films used as interconnects in integrated circuits have a thickness
in the order of 300 nm. Although a relatively small voltage (3.5-3.6 V) passes from
these interconnects, because of the small length over the applied voltage, very high
electric field was developed and consequently because of the small cross-section, very
high current density (106A/cm?) resulted due to Ohm’s Law. Furthermore, the con-
ductors were made of pure aluminum, a material with a low melting temperature,
which implies fast diffusion at low temperatures. Such very thin film contains small
grains and thus many grain boundaries that are suitable for rapid diffusion. This
combination of high current density and fast diffusion at low temperatures causes
the circuit to fail due to vacancy diffusion induced void formation and growth espe-
cially at grain boundaries. Intensive research has been carried out to overcome this

failure, for example, by adding few percentages of alloying elements like copper [10].

The electromigration was investigated theoretically in atomistic and phenomeno-
logical point of view in the literature. In the last decade several computer simulations

of electromigration in metal lines have been reported from the macroscopic point of



view [11, 12, 13]. However, as circuit integration shrinks to smaller dimensions, in-
fluences of crystal orientation and grain boundary structure on the lifetime must be

taken into account.

From the physics point of view, Sorbello [14, 15, 16] has made a very comprehen-
sive study about determining the driving force for electromigration for each individual
atom in a lattice. Sorbello has studied the atomic configuration-dependent electro-

migration force including impurities and vacancies.

There are very limited studies in the literature involving atomistic simulations.
Molecular dynamics study of electromigration has been carried out by Ohkubo et al
[17]. In that study H type periodic boundaries for interconnects has been constructed
and 2 dimensional molecular dynamics simulations were carried out for aluminum.
In that study, the electromigration driving force was calculated using Cloud in Cell
(CIC) method and the evolution of the void formation was reported. Shinzawa and
Ohta [18] characterized the grain boundary diffusion for aluminum interconnects by
molecular dynamics. The diffusion characteristics with respect to the grain boundary
angle was reported. Maroudas and Gungor [19] studied the void evolution and failure
in metallic thin films. In that study, plastic deformations in the vicinity of the voids

are examined by the use of molecular dynamics.

In the development of an alloy with improved resistance to electromigration, we
should somehow eliminate grain boundaries or slow down the diffusion process. Be-
cause of the stages in the processing of these interconnects, it is inevitable to have
grain boundaries. However it is possible to alter the diffusion behavior with the
addition of alloying elements. Then the answer to the following question should be
given: Which alloying element would be effective in lowering the diffusion kinetics.
In the present study, therefore the effect of alloying elements in aluminum to the bulk
diffusion behavior is investigated using molecular dynamics method, under the effect

of electromigration wind force.

Initially the MD method was reviewed in Chapter 2. The construction of a MD
simulation is explained in detail, including how a MD simulation can be started, how
the atomic interactions are handled, the integration methods used and how the prop-
erties of a material can be determined with the given algorithms. In Chapter 3, the
derivation of potentials is reported by introducing the pseudopotential method, and
how a pair potential can be obtained using this method. In Chapter 4, the pseudopo-
tential approach to the electromigration due to Sorbello was given. In Chapter 5, the

methodology followed is reported and the results obtained were given in Chapter 6.



CHAPTER 2

MOLECULAR DYNAMICS

2.1 Classical Molecular Dynamics

2.1.1 History of Molecular Dynamics

The foundations of the Molecular Dynamics (MD) method has been laid by the de-
velopment of Newtonian dynamics by Isaac Newton. He proposed that the same
mechanical laws can explain the motions of all bodies, large and small, with suitable
definitions of the forces operative. Thus the Newtonian laws applies to systems of
any size, even to atoms. This concept has been modified by quantum mechanics.
Then in classical statistical mechanics, Ludwig Boltzmann investigated the problem
of correlating the detailed dynamic behavior of a system of atoms and molecules with
the macroscopic experimentally measurable properties of the same system. These two
scientific approaches of classical dynamics and classical statistical mechanics consti-
tute the basis of the MD method. The trajectories and velocities of the particles
corresponding to atoms (or molecules, or ions) are generated using Newtonian equa-
tions of motion. Classical statistical mechanical concepts are then used to obtain the

correspondence of this system to a thermodynamic system.

The problem of studying the interaction of many atoms or molecules has only
become possible, using the methods of MD and MC, with the development of powerful

electronic computers after 1950’s.

The first papers reporting a molecular dynamics simulation were written by Alder
and Wainwright in 1957 [2, 3]. The purpose of the paper was to investigate the phase
diagram of a hard sphere system, and in particular the solid and liquid regions. In a

hard sphere system, particles interact via instantaneous collisions, and travel as free



particles between collisions.

Probably the first example of a molecular dynamics calculation with a continuous
potential based on a finite difference time integration method was done by Gibson
et al [20]. In that study, the calculation for a 500-atoms system was performed on
an IBM 704, and took about a minute per time step. A successful attempt to solve
the equations of motion for a set of Lennard-Jones particles was made by Rahman
[4]. Since that time the properties of the Lennard-Jones model have been thoroughly
investigated by Verlet [21, 22] in which Verlet time integration algorithm was used.[23]

After initial foundations on atomic systems, molecular dynamics simulation de-
veloped rapidly. Today molecular dynamics simulations are used in various research
areas, such as liquids, defects, fracture, surfaces, friction, clusters, biomolecules, elec-

tronic properties and dynamics. [23]

2.1.2 Basics of Molecular Dynamics

In molecular dynamics, the laws of classical mechanics are followed, and most par-

ticularly Newton’s law of equation of motion:

F, = mya; (2.1.1)

for each atom ¢ in a system constituted by N atoms. Here m; is the atomic mass,

d2r;
dt2

interactions with other atoms. Therefore in MD, given an initial set of positions and

a; = its acceleration, r; its position and F; the force acting upon it, due to the
velocities, the subsequent time evolution of the system is determined. The macro-
scopic or thermodynamical properties are then calculated with the help of statistical

mechanics.

MD simulation consists of three steps; initialization, equilibration and thermal-
ization. In initialization part, initial positions and velocities are given to the atoms
and initial system parameters of the simulation are set. Then, equations of motion
are solved until the system is reached to thermal equilibrium in the equilibration
part. After the thermal equilibrium, the thermodynamic properties are calculated in

thermalization step.

In Figure 2.1.1 the algorithm of a basic molecular dynamics simulation has been
shown, where in the following sections the parts of the molecular dynamics method

will be covered in detail.



Give initial positions and
velocities to atoms

Calculate the forces on 4
the atoms

@

Apply the calculated
forces to atoms and
obtain new position and No
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I

Calculate
thermodynamical
quantities

Enough time?

Store the
thermodynamical
properties and
final configuration

Figure 2.1.1: Basic molecular dynamics simulation algorithm.

Initialization

To start a simulation, the MD box should be defined and the set of positions and
velocities should be assigned initially to the particles. There are two common ways

of doing this:

i) Starting from scratch If the simulation is starting from scratch, a set of initial

positions and velocities should be created.

Positions are usually defined on a lattice, assuming a certain crystal structure.
This structure is typically the most stable one at 0 K with the given potential.
Assigning positions to atoms should be carefully handled so that there should not be

any overlap of atoms.

The initial velocities may be taken to be zero or can be assigned by taking them
from a Maxwell distribution at a certain temperature Tg;. When doing this, the
system will have a small total linear momentum, corresponding to a translational
motion of the whole system. Since this is somewhat inconvenient to have, it is

common practice to subtract this component from the velocity of each particle in



order to operate in a zero total momentum condition. Initial temperature of the
system is also given in the initialization step by adjusting the kinetic energy. The

instantaneous temperature, T'(¢) of the system is given by the relation 2.1.2
N
NekT(t) =) ma} (2.1.2)
i=1

where Ny is the degrees of freedom (Ny = 3N — 3 for a system of IV particles with
zero total linear momentum), kp is the Boltzmann constant and v; is the velocity on
atom ¢. The right hand side of Equation 2.1.2 is two times of the average kinetic
energy. This equation comes from the equipartition principle [24]: an average energy
of kyT'/2 per degree of freedom. The desired temperature, T, is obtained by scaling
all velocities with a factor (Tses/T'(t))/? .

Such an initial state will not of course correspond to an equilibrium condition.
However, once the run is started, depending on the system size, equilibrium is usually

reached within a time of the order of several hundred time steps.

ii) Continuing a simulation Another possibility is to take the initial positions
and velocities to be the final positions and velocities of a previous MD run. This is
in fact the most commonly used method in actual production. For instance, if one
has to take measurements at different temperatures, the standard procedure is to set
up a chain of runs, where the starting point at each temperature is taken to be the
final point at the preceding temperature (lower if we are heating, higher if we are

cooling).

Atomic Interactions

In order to estimate the force acting between atoms, it is necessary to take into
account the elementary components of the atom. With the normal concept of an
atom made up of a central nucleus and orbital electrons, when it interacts with an
another atom, if there were no orbital electrons the force between two nuclei would be
Coulombic. The forces holding together the nuclear components - neutrons, protons
- are of a completely different nature and orders of magnitude stronger than any

interatomic forces.

If atoms were considered as entities, there should be no forces between them at

distances greater than that at which they touch. However, at separations comparable



with the atomic diameter, the Coulomb interactions of the outer electrons of atom 1
with those of atom 2 and with the nucleus of atom 2 (and vice versa) have a significant
effect. The two atoms no longer view each other as entities and the interaction

becomes a rather complicated many-body problem.

Treatment of this many-body problem for all types of atomic interactions, re-
quires powerful computing systems. Fortunately, a number of approximations and
averaging procedures under different physical situations enable us to obtain analyti-
cal expressions or numerical values for the interatomic forces which may be applied

with varying degrees of confidence to atomic problems [25].

For most purposes the force between two atoms is expressed in terms of their
potential energy of interaction, or interatomic potential. It depends to a first ap-
proximation on the separation r between the atoms; the relation between the force
F(r) and the potential V (r) is

F(r)y=—(=—)V(r) (2.1.3)

The potential energy of an atom is the work done in bringing all components of
the atom from infinity to their equilibrium positions. The potential energy baseline
then is that of a system with the nucleus already fully constituted. The work required
to attach the atomic electrons to the nucleus under the force fields of the nucleus and
of each other [25]. The potential energy V (r), representing non-bonded interactions

between atoms is traditionally split into 1-body, 2-body, 3- body,... terms;

Virn) = Zu(m) + Z Z o(ri,ri) + ... (2.1.4)
i i g>i

where 7y = (71;72;...75y) represents the complete set of 3N coordinates. The wu(r)
term in Equation 2.1.4 represents an externally applied potential field or the effects of
the container walls; it is usually dropped for fully periodic simulations of bulk systems
[26]. Also it is usual to concentrate on the pair potential (r;, ;) and neglect three
body and higher order interactions. There is an extensive literature on the way
these potentials are determined experimentally, or modelled theoretically [25]. In
some simulations of complex fluids, it is sufficient to use the simplest models that

faithfully represent the essential physics.



Integration of the Equations of Motion

The engine of a molecular dynamics program is its time integration algorithm, re-
quired to integrate the equation of motion of the interacting particles. The integrator
is responsible for the accuracy of the simulation results. Sutmann [5] summarized
the requirements of an integrator, such that an integrator should be accurate to ob-
tain a true trajectory, stable in the sense that it conserves energy and that small
perturbations do not lead to instabilities. An integrator should also be robust that
it permits a large time step to be used in order to propagate the system efficiently

through phase space.

Time integration algorithms are based on finite difference methods, where time is
discretized on a finite grid, the time step At being the distance between consecutive
points on the grid [23]. Knowing the positions and some of their time derivatives
at time ¢, the integration scheme gives the same quantities at a later time ¢ + At.
By iterating the procedure, the time evolution of the system can be followed for
long times. Generally integration algorithms are based on Taylor expansion of po-
sitions and velocities. Some of the common integrators used in molecular dynamics

simulations are described in the following sections.

Verlet Algorithm Among integration algorithms for equations of motion, Verlet
algorithm [21] is the most widely used. In that method the advancing positions of
the atoms are calculated using the positions of atoms r(t), accelerations of atoms
a(t), and the positions at the previous step r(t — At). The equation governing this

method is :

r(t + At) = 2r(t) — r(t — At) + At?a(t) (2.1.5)

Accelerations in Equation 2.1.5 are calculated by using Equation 2.1.1. As can be
seen from Equation 2.1.5, in that method velocities are not needed to compute the
trajectory of atoms. However, since velocities are necessary to estimate the kinetic

energy, velocities can be obtained by the relation;

_r(t+At) —r(t — At)
v(t) = 2At

(2.1.6)

It is seen from Equation 2.1.6 that the velocities at time ¢ can only be calculated

after the positions at time t + At were obtained. In order to calculate positions



and velocities at the same time, Verlet algorithm has been modified [27] including
'leapfrog’ [28] and ’velocity Verlet’ [29] form. In velocity Verlet scheme, positions and
velocities at t + At are obtained from the same quantities at time ¢. The equations

of this method are:

r(t+ At) = 1(t) + v(t) AL + %a(t)AtQ (2.1.7)
ot + %) — o(t) + %a(t)At (2.1.8)

a(t + At) = —%vvw +AY) (2.1.9)
v(t+ At) = v(t + %) + %a(t + At)At (2.1.10)

The error associated to the velocity - Verlet method is of order At* where, original
Verlet has an error, order of At2. Velocity Verlet form of the integrator resembles a

three-value predictor-corrector algorithm where the position coefficient is zero [26].

Predictor-corrector Algorithm Predictor-corrector algorithms commonly used
to integrate the equations of motion used in molecular dynamics are due to Gear

[30, 31], and consists of three steps [23]:

1. Predictor: The positions and their time derivatives up to a certain order q
are predicted at time ¢ + At using their current values by means of a Taylor

expansion.

2. Force evaluation: The force is computed by Equation 2.1.3 using the predicted

positions.

3. Corrector: The difference between the accelerations calculated from force eval-
uation and predicted accelerations is used to correct positions and their deriv-
atives. All the corrections are proportional to the error signal, the coefficient
of proportionality being a magic number determined to maximize the stability

of the algorithm.

10



In the predictor part, the estimate of positions, velocities, accelerations, etc. at
time t + At is obtained by Taylor expansion at time ¢. For the fifth order Gear

predictor-corrector method the equations are written as:

rP(t+ At) = r(t) 4+ v(t)At + %a(t)AtQ + éb(t)At?’ - ic(t)At‘l (2.1.11)
VPt + AL = wu(t) +a(t) At + %b(t)At2 + %a(t)At?’
aP(t+ At) = a(t) +b(t)At + %c(t)Aﬂ

WPt+ AL = b(t) +c(t)At

The superscript p designate the predicted values. r, v, a, denotes the positions,
velocities and accelerations respectively and b and ¢ are third and fourth derivatives
of r. The predicted equations given above do not give the true trajectory of atoms
since the equations of motion have not been introduced. The corrected accelerations,
a‘(t + At), are calculated using the new positions, 7P, from the forces at time t + At.
These corrected accelerations are then compared with the predicted values to estimate

the size of the error.

Aa(t + At) = a®(t + At) — aP(t + At) (2.1.12)

Using this error positions, velocities, etc. are corrected.

( ) = rP(t+ At) + coAa(t + At) (2.1.13)
( ) = VP(t+ At) + crAa(t + At)
a(t+At) = aP(t + At) + coAa(t + At)
( ) = BP(t+ At) + csAa(t + At)
( ) = Pt+ At) + csAa(t + Al)

where the superscript ¢ donates the corrected values and cg, c1, ca, c3, c4 are the

parameters suggested by Gear [30, 31]. These parameters are given in Table 2.1.1.

11



Table 2.1.1: Gear corrector coefficients
Order Co c1 Co c3 C4 cs
3 0 1 1
4 1/6 5/6 1 1/3
5 19/120  3/4 1 1/2  1/12
6 3/20 251/360 1 11/18 1/6 1/60

Periodic Boundary Conditions

The atoms on the boundaries of the simulation cell have less neighboring atoms than
the atoms located at the inside. This cause a surface effect on the simulation which
is not desired for a bulk simulation. This surface effect problem can be overcome
by implementing periodic boundary conditions [32]. In that method the cubic box
is replicated throughout space to eliminate surfaces as shown in Figure 2.1.2 . In
the simulation as an atom moves in the original box, its periodic image in each of
neighboring boxes moves in exactly the same way. Therefore as an atom leaves the

central box, one of its images will enter through the opposite face.

S p P
¢ |&

0

0

o

o

o

o

Figure 2.1.2: Periodic boundary conditions. As a particle moves out of the simulation
box, an image particle moves in to replace it from the opposite side.
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Figure 2.1.3: The minimum image convention in a two-dimensional system. In calcu-
lating particle interactions within cutoff range, both real and image neighbours are
included.

The implementation of periodic boundary conditions for a cubic box with box
length L, is given in Algorithm 1. When an atom leaves the box, by adding or
subtracting the box length to the appropriate coordinate, an image of the atom is

moved in to the box.

Algorithm 1 Periodic boundary condition for a cubic box with box length L

if (re;< 0) then ro;= ra;+L
if (ra;> L) then ra;= ra;—L

Minimum Image Convention

In molecular dynamics, potential energy and forces acting on all atoms, for a sys-
tem subjected to periodic boundary conditions, are evaluated by minimum image
condition. In this method, the atomic interaction with the nearest image of all the

particles in the simulation box is calculated, shown as circle in Figure 2.1.3.

In the minimum image convention, the calculation of the potential energy due

to pairwise -additive interactions involves %N (N — 1) terms. This requires a lot of
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computation time even for small systems. The largest contribution to the potential
and forces come from the neighbors close to the atom of interest, and for short-range
forces generally a spherical cutoff is applied. With a cutoff distance 7., the pair
potential (r) is set to zero for > r.. The cutoff distance should be large enough
to minimize the perturbation because of the use of cutoff. The cut off distance
should be less than £ for consistency with the minimum image convention [26].
The implementation of minimum image convention is similar to periodic boundary
conditions as can be seen in Figure 2.1.3. In the given Algorithm 2, rzij is the

interatomic separation of atoms in interest with the cubic simulation box length L.

Algorithm 2 Minimum image convention for a cubic box with box length L

if (re;;< —L/2) then rz;j= raij + L

if (re;;> L/2) then ra;j=raij — L

Linked List

In the evaluation of forces and potential energy for an atom all of the minimum image
distances are calculated and if the pairs are separated greater than a potential cutoff,
the evaluation process is not carried out. If the system size increases towards 1000
atoms, this evaluation sequence becomes very time consuming. To avoid the needless

calculation of pair separations that are so large, linked list algorithm can be used.

In this method at first, the simulation box, L, is divided into M x M x M small
cells of equal size. The dimensions of the cell, [ = % should be greater than the
cutoff distance, r.. An atom in a cell interacts with only the other atoms in the same

cell and its 26 neighbor cells.

In the first part of the method, all of the atoms are sorted into their appropriate
cells. Two arrays are created during the sorting process. The ’head-of-chain’ array
(Head) has one element for each cell, that contains the identification number of one
of the atoms sorted into that cell. This number is used to address the element of a
linked-list array (List), which contains the number of the next atom in that cell. In
turn 'List” array element for that atom is the index of the next atom in the cell, and
so on. If this sequence is followed, eventually it is reached an element of ’List’ which

is empty [26]. The illustration of this method can be seen in the Figure 2.1.4.
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Figure 2.1.4: Linked-list method in two-dimensions, showing the atoms and the linked
list structure.

List:

Controlling the Simulation

In a basic molecular dynamics simulation, time evolution of N particles in a constant
volume V' is studied. In such simulations energy is conserved. This leads to micro-
canonical (constant NV E) ensemble in statistical mechanics. It is desired to carry
out simulations in different ensembles such as constant NVT' ( constant Number of
particles, Volume and Temperature) and constant NPT ( constant Number of par-
ticles, Pressure and Temperature). The temperature and pressure control is desired

because it extends the applicability of MD simulations.

In a standard simulation, the density is controlled by the choice of the box volume
V. Volume changes can be controlled by rescaling the volume upon request at the
beginning of the simulation, then the pressure and temperature is measured during
the calculation. There are advanced methods that the temperature and pressure can
be controlled [23].

Molecular Dynamics at Constant Temperature If it is desired to investigate
the system along a constant temperature rather than along a constant energy, the

equations of motion have to be modified. In such a modification the system is cou-
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pled to a heat bath, which introduces energy fluctuations necessary to keep a fixed
temperature. Equilibrium of a system in a heat bath is a representative of canonical
ensemble, where the number of particles IV, the volume V', and the temperature T,
are fixed and there is zero total linear momentum [33]. Although the total energy is
not conserved in constant temperature simulations, average kinetic energy is a con-
stant of motion due to its coupling with the temperature. In such a modification
since the total energy is not conserved, important data is not collected in this stage.
The controlled temperature simulations are used only to bring the system from one
state to the other. Data collection is carried out after the system has reached equilib-
rium. There are various methods which are discussed separately in the accompanying

sections, to fix the temperature to a fixed value during simulation.

Velocity Scaling In velocity scaling which is introduced by Woodcock [34],
temperature is adjusted to the desired value by rescaling the velocities with a factor

B. The scaling factor § is given in Equation 2.1.14.

1/2

g = BN ZheTee (2.1.14)

E 2
muv;
%

In Equation 2.1.14, T is the desired temperature and degrees of freedom is used
as 3N — 4, instead of 3N. The system has 3N degrees of freedom, because of zero
total momentum in all directions, three degrees of freedom is removed and constant

kinetic energy removes one degree of freedom.

Algorithm 3 NVT molecular dynamics algorithm with velocity scaling

do t =0, totstep start of MD loop

r(t+ At) =r(t) + U(t)At+%a(t)At2 calculate new positions

v(t—i—%) = v(t)—l—%a(t)At calculate velocities at half step
a(t + At) = =LYV (r(t + At)) evaluate force using new positions
v(t+ At) = U(t—{—%)—k%a(t + At)At  update velocities

K :%mv(t + At)2 calculate kinetic energy

B =I[(3N — 4)kaset/2K]1/2 calculate the scale factor

v(t+ At) = v(t + At)S scale velocities

end do
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After scaling step we have

1 1
5 > mef = 5 (BN = )k Ty (2.1.15)

The algorithm for NVT molecular dynamics with velocity scaling using velocity

Verlet integrator can be written as in Algorithm 3.

Berendsen Thermostat Berendsen [35] introduced a weak coupling to an
external bath, using the principle of least local perturbation consistent with the
required global coupling. In this method the desired temperature, Tse;, is achieved by
correcting the deviations of the actual temperature, T from Ti.; by scaling velocities
with a parameter A\. The difference with respect to the velocity scaling is that the

method allows for fluctuations of the temperature, not fixing it to a constant value

[5]-

1/2
A= [1 TA; < ;t - 1>] (2.1.16)

In Equation 2.1.16 the constant 77 is so called coupling time constant which
determines the time scale on which the desired temperature is reached. Berend-
sen thermostat conserves Maxwell distribution, but the method does not resemble a

specific thermodynamic ensemble.

Implementation of this method as suggested by Berendsen [35] was given in Al-

gorithm 4.

Algorithm 4 Constant temperature molecular dynamics with Berendsen thermostat

. A
Given z(t) and v(t—5t)

do t =0, totstep start of MD loop
a(t) = =LVV(r(t)) evaluate forces
T(t— At) 2K t_i) calculate instantaneous temperature

calculate Berendsen scale factor

A=[1+ A (T;st = 1)}1/2

v(t+ %) u( %) + a(t)At  update velocities

v(t+ %) (t—l—%) scale velocities
xz(t + At) = z(t) + U(t—i—%)At update positions
end do
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Nose-Hoover Thermostat The Nose method [36], considers an extended sys-
tem within an additional degree of freedom s, which acts as an external heat reservoir,
with an arbitrary mass @), interacting with the system through the velocities of the
particles. Hoover [37, 38], simplified the equations derived by Nose [39] where the
equations of motion for this method is simplified by introducing a thermodynamical
coefficient £ = s.ps/Q, where p; is the conjugate momentum of s. Then, the reservoir
itself is subject of an equation of motion which is simply a function of the kinetic

energy of the system and the desired temperature,

(2.1.17)

[Z m;v; Nf kyTset

where Ny is the number of degree of freedom. The Hamiltonian conserved in the

simulation is

22

H:K—i-V(TN)-}-%—i-kabT& (2.1.18)

A reversible algorithm for this method is given by Windiks [40], see Algorithm 5.

Algorithm 5 NVT molecular dynamics algorithm with Nose-Hoover thermostat

Given &£(t) position, £(t) velocity of thermostat

é(t—l—%) = é(t)—l—%(QK — N;kT)/Q update thermostat velocity
E(t+ At) =&(t) + é(t—i—%)At update thermostat position
dot=1,N

v (t+4 &) = v,(t) exp {—E(t + %)%} +ai(t)% predict velocities

ri(t + At) =1, (t) + v, (t—l—%)At calculate positions

a;(t + At) = —miiVV(TZ- (tAt)) evaluate forces
t+ At) = [Ui(t—&—%) + a;(t+ At)%] correct velocities

exp [ (0 + 394

(
(

Vi

end do
é(t + At) = é(t—l—%)—k%(ZK - ka;bT)/Q update thermostat velocity

Molecular Dynamics at Constant Temperature and Pressure Some of the
computation of certain quantities requires constant temperature and pressure ensem-

ble such as the specific heat Cp at constant pressure. In addition to temperature
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control, which is discussed in the previous section, if it is desired also to fix the pres-
sure to a constant value, then the volume must be allowed to fluctuate [33]. Two
common methods for this ensemble is discovered by Andersen and Berendsen, which

are discussed in the following sections.

Andersen Method A summary of this method was given by Allen and Tildes-
ley [26]. Andersen [41] introduced a method for controlling the pressure in molecular
dynamics which involves coupling the system to an external variable V', the volume
of the simulation box. This coupling act as a piston on a real system. The piston

has a mass ) with kinetic energy

1 .
Ky = 5QV2 (2.1.19)

The potential energy associated with the additional variable is

Vi = PV (2.1.20)

where P is the specified pressure. In this method r and V are not coupled. The

coordinates 7; of particles are replaced with the scaled coordinates p;.

p; =1/ V3 (2.1.21)
The equations of motion of the system are

. F 20V
= - 2.1.22
P mviBE T 3y (2.1.22)

(P - Pset)
Q

where @ is the piston mass, P is the instantaneous pressure, which can be calculated

V= (2.1.23)

from the virial equation that is to be explained later (see Equation 2.1.32) and Pge

is the desired pressure. The algorithm of this method was given in Algorithm 6.

Haile and Graben [42] described a way of implementing this method, solving the
equations of motion in terms of the scaled positions and momenta in a box of unit

length using a Gear predictor-corrector integrator.

The parameter (), the piston mass, can be adjusted. A low mass results in rapid
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box size oscillations and large mass gives rise to slow exploration of volume-space.

Algorithm 6 NPT molecular dynamics algorithm with Andersen method

Given box length L
p(t + At) = p(t) + Atp(t)+ A;z?t()t) calculate positions
V((t+At) =V (t) + AtV—l— (P(t) P..,) calculate volume

p(t+ ) p(t)+ QLA(tt)a( )_TP( )Vgg predict velocities
V(t+ t) V(t )+2Q( (t) — Pg.) predict volume velocity
a;(t+ At) = ——VV( J(t+ At)) evaluate forces
compute P(t + At), and L(t + At) = V(t + At)1/3 pressure and box size
V(t+ At) = V(t—i—%)%—%(P(t + At) - P,,,) correct volume velocity
p(t + At) = p(t+%)+ma(t + At) correct velocities

80(+3) VA

adjust temperature by velocity scaling scale velocities

Algorithm 7 NPT molecular dynamics algorithm with Berendsen method

Given z(t) and v(t—%)
do t = 0, totstep
a(t) = —1VV(r(t)) evaluate forces
calculate P(t) from eq. 2.1.32 calculate instantaneous pressure
= {1+%5(P(t) - Pset)} e calculate pressure scaling factor
T(t—g) :2(5\(,%1)%;) calculate instantaneous temperature
b
A= [1 + = (Tfﬁt - 1)} V2 calculate temperature scaling factor
v(t+4 8t = o(t —g) +a(t)At  calculate velocities
v(t+4 S = Mo(t+ ) scale velocities
x(t + At) = x(t) + v(t+ At)A calculate positions
x(t + At) = px(t + At) scale positions
L(t + At) = pL(t + At) scale box size
V(t+ At) = pV (t + At) scale volume
end do

Berendsen Method Berendsen [35] pressure control method is similar to the

Berendsen temperature control method discussed in previous section and involves
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scaling of coordinates to adjust the volume, so the pressure. The coordinates are

scaled by a factor given as

1/3

p= 1+ 2P0 - ) (2.1.24)

where 7p is the pressure coupling time and [ is the isothermal compressibility.
Berendsen [35] suggested a time constant for pressure of 0.1ps or larger. Using
smaller time constants leads to instability of the algorithm with increased pressure
and volume fluctuations. The algorithm of this method is given by Berendsen [35] as

in Algorithm 7.

2.1.3 Property Calculations in Molecular Dynamics

In molecular dynamics, macroscopic quantities are calculated from the atomic po-
sitions and velocities using statistical mechanics. Statistical mechanical averages of
energetic or structural properties are obtained as averages over the time steps [43].
The physical properties are generally a function of the particle coordinates and ve-
locities. Therefore, an instantaneous value of a property A at a time ¢ can be defined

as

A) = F(r(ts), st (EN), 0(t1)s ooy 0(EN) (2.1.25)

1 Nrot
(A) = N Z} Alty) (2.1.26)

where i is the index of the time step which ranges from 1 to total step number Nrp;.
The property calculation in a molecular dynamics run, can be done in two different

ways [23].

A(t) can be calculated at each time step during the simulation, the sum is updated
at each step and at the end of the simulation, the average is obtained by dividing the
sum by the number of steps, or positions and velocities can be written to a file and
at the end of the simulation, a separate program is used to process the trajectory

and calculate the desired properties.

The most common physical properties calculated from molecular dynamics sim-
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ulations are discussed in the following sections.

Potential Energy

Pair potential energy depends only on the magnitude of the separation between
atoms. The average potential energy V is obtained by averaging its instantaneous
values, calculated during force evaluation step. In case of pair potentials the potential

energy is calculated by

Ve =Y ellri(t) —ri(t)) (2.1.27)

i g>i

The potential energy gives an idea of energy conservation in a molecular dynamics

run.

Kinetic Energy

The instantaneous kinetic energy is
1 2
K@:izympﬁﬂ (2.1.28)
(2

Total Energy
The total energy is a conserved quantity in Newtonian dynamics.

E=K+V (2.1.29)

In order to check the conservation of it with time, total energy is monitored at
each time step. Kinetic and potential energy fluctuate during the run while their
sum remains fixed. In practice there could be small fluctuations in the total energy.
These fluctuations are usually caused by errors in the time integration, and can
be reduced in magnitude by reducing the time step. Berendsen & Van Gusteren
[44] contains an in-depth analysis of total energy fluctuations using various time

integration algorithms.
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Temperature

Temperature, 7', is directly related to kinetic energy by the familiar equipartition

principle with an average energy of kT /2 per degree of freedom [26].

2K
" Nik

(2.1.30)

Temperature is obtained from the average kinetic energy using Equation 2.1.30.
For practical purposes temperature is calculated instantaneously, using instantaneous

kinetic energy, K (t).

Pressure

Pressure is calculated by the Clausius virial equation:

W:_NN_WWW 2.1.31
ZZTU dr ( <L )

i §>i
The pressure is defined as

1
PV = Nk + — (W) (2.1.32)

where D is the dimensionality of the system (2, 3).

Radial Distribution Function

Radial distribution function, g(r), is a measure for characterization of the local struc-
ture of a fluid. This function gives the probability of finding a pair of atoms a distance
r apart, relative to the probability expected for a completely random distribution at

the same density [26].

g@%—;;<§:§:ar—np> (2.1.33)

1 jFi
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Diffusion Coefficient

Diffusion coeflicient can be estimated by the relation between mean square displace-

ment and diffusion constant showed by Einstein.

(Ir®) = r(O))

2t

3D = tlirgo (2.1.34)

Diffusion coefficient can be calculated by plotting the mean square displacement
as a function of time and then attempting to obtain the limiting behavior. When
using this method for calculating the diffusion coefficient, the mean squared distances
should not be limited by the edges of the periodic box. In other words, a set of
positions that were not corrected using periodic boundary conditions should be stored
[45].

Another approach for calculating diffusion coefficient is to use autocorrelation
functions. A correlation function provides a numerical value that encapsulates the
data and quantifies the strength of the correlation. A molecular dynamics simulation
provides data values at specific times. This enables the value of some property at
some instant to be correlated with the value of the same or another property at a
later time. When the correlated values are the same then the function is called an
autocorrelation function. For instance velocity autocorrelation coefficient indicates
how closely the velocity at time ¢ is correlated with the velocity at time zero [45].

The value of the velocity autocorrelation coefficient can expressed as

1 N
= ; (2.1.35)

The velocity autocorrelation coefficient is related to diffusion coefficient by the

Green-Kubo formula:

t—o0 2t

7 ))dT = lim <’T(t) _ T(O)‘2> =3D (2.1.36)
0

The long time-tail of the autocorrelation function can be dealt with by fitting a

function to the curve and attempting to integrate to infinity.
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2.2 Non-Equilibrium Molecular Dynamics

In the pervious section, the molecular dynamics simulation of systems under equilib-
rium conditions was considered. To improve the efficiency of the calculation of the
transport properties and to examine directly the response of a system to a large per-
turbation real or imaginary using linear or nonlinear response theory, non-equilibrium
molecular dynamics (NEMD) simulations are carried out. This approach is firstly in-
troduced by Hoover and Ashurst [8]. In equilibrium molecular dynamics, properties
represent the response to the naturally occurring small fluctuations. The signal-to-
noise ratio is not favorable at long times. In addition, the finite system size limits
time that correlation functions can be calculated reliably in equilibrium molecular
dynamics (EMD) [26].

In contrast to EMD, NEMD introduce larger fluctuations artificially and the
signal-to-noise level of the measured response is higher. In addition to that the
steady state response is measured in NEMD. The calculations of transport properties

in NEMD are more realistic and give better results than EMD [26].

For the transport coefficient of interest L;;, that is

J; = Linj (2.2.1)

where J is the flux of some conserved quantity and X is a gradient in the density of

that conserved quantity, Green-Kubo relation will be

Ly = /0 (8 - T5(0)) dt (2.2.2)

Invent a fictitious field F, and its coupling to the system so that dissipative flux
J;j holds

HY = —J,F, (2.2.3)

where Hgd is the added term to the Hamiltonian due to perturbation. The increase
in the Hamiltonian necessitates a thermostat, since otherwise, the work done on the
system would be transferred continuously into heat and no steady state could be
achieved. Then after the application of the thermostat, couple F, to the system and

compute the steady state average (J;(t)), as a function of the external field Fr.
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Linear response theory then proves,

i(t
Lij = lim lim M

Fe—0t—00 Fe

This added an advantage to NEMD that it can be used to calculate non-linear
as well as linear transport coefficients [9]. The application of NEMD methods to
calculate transport coefficients is reviewed in detail by Evans and Morriss [46, 9] and
Allen and Tildesley [26].

The calculation of self diffusion coefficients with NEMD was illustrated by Er-
penbeck and Wood [47] for a system that exists a relation between susceptibility of
the color current to the magnitude of the perturbing color field with the velocity au-
tocorrelation function; where the diffusion coefficient can be written by Green-Kubo

relation as:

o0
D= / dt (vi(t) - v;(0)) (2.2.4)
0
The color Hamiltonian of the system can be written as:

N
H=Hy—>» cmiF(t), t>0 (2.2.5)
=1

where Hy is the unperturbed Hamiltonian, ¢; are the color charges, and an even

number of atoms, IV is considered with

¢ = (1) (2.2.6)
The considered response is the color current density, J,,

N

1 .
Jo =5 Z; Citi (2.2.7)

Along with the lines of the above treatment and in the canonical ensemble,

N
(o0 1:0)). = 73 D cics vt 0), (2.2.8)
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Upon further simplification,

N

(T 10 = T D (wea(B)uai(0), = g (v (t)ea(0), (2.29)

i=1

Combining Equation 2.2.9 with Green-Kubo relation for self diffusion gives,

D= kb—T lim lim <J§£t)>

o lim limy (2.2.10)

If the total linear momentum was set to zero for a system in consideration, then
Uz is not independent of v,;. Thus there is an order NV ~1 correction to this equation

and the self diffusion coefficient is obtained as

D=

N —1kT (T
MU lim lim <JF(, )

2.2.11
N p t—=c0F—0 ( )

The advantage of this equation is that just with the simple average of color current
density, diffusivity can be predicted. It is important to note that this diffusivity does
not give any information about the diffusion behavior under the applied force, since
from Equation 2.2.11, the diffusivity is obtained when F' — 0. Thus the diffusivity
obtained from this equation is the same as in the case when there is no applied force.

In addition, in binary alloys this treatment is not applicable.
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CHAPTER 3

POTENTIALS

The most important part of an atomistic simulation is the potential function which
describes the atomic interactions and the characteristic of the system. There are
various approaches to obtain the potential function. The potential function can be
obtained empirically, semi-emprically or from ab initio methods. Empirical poten-
tial functions are based on a simple analytical expression which may or may not
be justifiable from theory, and which contains one or more parameters adjusted to
an experimental situation [25]. Semi-empirical functions also contains parameters
fitted to an experimental value but analytical expressions are derived from quantum-

mechanical arguments.

Model pair potentials are derived within the pseudopotential context which are
fit to specific experimental characteristics of atoms or solids and are used to analyze
other physical characteristics or properties [48]. The application of pseudopotential

method to the interactions between atoms is covered in this chapter.

3.1 Pseudopotential theory

The determination of the properties of metals requires a knowledge of interaction
of electrons and ions. However, for many properties of materials, inner shell or
core electrons are not explicitly relevant to the properties of the materials, but the
valence electrons. The application of free-electron theory can be used to specify this
interaction, where the ion and electron interaction is considered to be very weak. In
contradiction with the free-electron theory, the ion core of a metal atom contains

strong force fields which strongly affects nearby electrons.

At the electrons nearby an ion core, the strong Coulomb attraction of the ion
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core is opposed by the repulsion due to the operation of the Pauli principle for the
electrons of the closed shells. The net effective interaction experienced by an electron,
as a result of the cancellation of the two principal contributions is quite small, and

this interaction is known as pseudopotential [25].

The physical basis of the theory is therefore the replacement of the strong poten-
tial in the ion core, by creating an effective potential in which the nucleus and the
core electrons together serve to influence the outer electrons, thus the interaction of
electrons and ions are expressed with a weaker potential, see Figure 3.1.1. In the
application of this method, it is important not to change the energy levels of the
valence electrons. Thus the calculation of a pseudopotential involve the determina-
tion of the electron energies and wave functions. This requires a series of complex
calculations to determine the potential parameters without any use of experimental
data. There are several ab initio schemes developed up to now that deals with the
generation of pseudopotentials with different flavours, few to mention are; Hamann-
Schliiter-Chiang (HSC) [49, 50] , Rabe-Rappe-Kaxiras-Joannopoulos (RRKJ) [51],
Troulier-Martins (TM) [52], Vanderbilt (US) [53] and Fritz-Haber Institute (FHI)
[54] pseudopotentials. An earlier approach, namely the model potential approach,
however involves much simpler calculations where the Fourier components of the
metal are chosen to give some experimental properties of that element. The model
pseudopotentials are derived from a physical basis and the parameters in the analyt-

ical expressions are obtained by fitting the expression to an experimental value.

3.1.1 Model Potentials

One of the simplest form of local model potential was introduced by Ashcroft [55].
It is defined in real space by

B 0, r< Ry
W(r) = {—22/7«, e RM} (3.1.1)

where Z is the electronic charge outside core region and Ry is the core radius which
is determined by fitting the calculated values to experiment for such factors as the
electrical resistance of liquid metals, data on the Fermi surface, and the equilibrium

volume [48]. Bare-ion pseudopotential is defined in Fourier space as,

e+ g || k) = Wo(q) = é/d3reiqTW(r) (3.1.2)
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Figure 3.1.1: The pseudopotential formalism where real (solid lines) and pseudo
(dashed lines) can be seen for the potential and the wave function.

where () is the atomic volume, r is the real space vector and ¢ is the Fourier space

vector. After Fourier transform, form factor is obtained as

47z

Wolq) = 92

cos(qRur) (3.1.3)

The relationship between from factor and pseudopotential for Ashcroft potential

can be seen in Figure 3.1.2. Core radii Rj; for several elements were given in Table
3.1.1.

After Ashcoft several other schemes were developed to obtain such model poten-
tials, few to mention are Heine-Abarenkov-Animalu [56, 57, 58], Harrison-Wills [59],

Antonov-Milman [60], Fiolhais-Perdew [61], Bretonnet-Silbert [62, 63] and Hasegawa-
Hoshino [64].
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Figure 3.1.2: General form of the Ashcroft potential and its form factor

Table 3.1.1: Ashcroft empty core potential, ionic radii, units in Angstrom.

—

Element Core Radii | Element Core Radii | Element Core Radii
Li 0.92 Zn 0.59 Sn 0.59
Be 0.58 Ga 0.59 Sb 0.56
Na 0.96 Ge 0.54 Te 0.54
Mg 0.74 As 0.51 Cs 1.55
Al 0.62 Se 0.5 Ba 1.6
Si 0.56 Rb 1.38 Hg 0.66
K 1.2 Cd 0.65 Tl 0.6
Ca 0.9 In 0.63 Pb 0.57
Bi 0.57 B 0.44 C 0.37
P 0.51 Sr 1.14 (0] 0.42
S 0.47 Cl 0.907

Heine-Abarenkov pseudopotential

Heine-Abarenkov pseudopotentials are given separately for local and nonlocal parts

56, 57).

In real space the nonlocal pseudopotential considers each quantum number, [, see

Figure 3.1.3, and has the form,

llTlaX
— AP r< Ry

W(r) = ;
—2Z/r > Ry
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Figure 3.1.3: General form of the nonlocal Heine-Abarenkov pseudopotential and its
form factor.

where the parameters A; are obtained from spectroscopic data on the ionic energy

levels and P, are the projection operators.

The local pseudopotential takes the form

B —A r< Ry
W(r) = {—ZZ/T . RM} (3.1.5)

The bare ion pseudopotential in Fourier space with the formulation of Animalu

[58] is given as

Wo(q) = N(q) + B(q) (3.1.6)

where N (q) and B(q) are nonlocal and local parts and defined as

8nC 817

B = - i — _
(9) Qg [sin(qRr) — qRas cos(qR)] 0g
(47T|EC| 24nZacss

Q3 Q¢%(qr.)?

cos(qRyr)  (3.1.7)

) x [sin(gre) — qre cos(qre)]

For the nonlocal part, for ¢ < 2kp, where kr is the Fermi wave vector and given as
hm — (37r2z) 1/3
P = Q ’
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N(g) = —%R%(Ao -0) {[jo(m)]2 —~ ;cos(x)jl(m)} (3.1.8)
_%R?\/[(Al -C) {[jl(m)]Q _ jo(;p)jg(x)} Py (cos0)
_Q%TR?W(AQ -C) {[jz(a:)]2 _ j1($)j3($)} Px(cos )

— %) and 0 is the angle between (kr + ¢q) and kp
F

wave vectors. P, is the Legendre polynomial and given as

where x = kpRps, cosf = <1

Py(cosf) = cosb

1
Py(cos ) = 5(3 cos® 6 — 1)

jo(x), ji(x), jo(x), j3(x) are zeroth, first, second and third order Bessel functions

of the first kind respectively.

for ¢ > 2k, the nonlocal part is given as

Na) = ‘Q(;iyz)R?n(Ao — C) {wjr(2)jo(y) — yir(y)jo(x)} (3.1.9)
- 9(;41,2) R (A1 = C) {aja(2)j1(y) — yi2(y)r(x)} Pi(cost)
_Q(;gojyz)Ril(Az — C) {xj3(x)j2(y) — yja(y)ja(x)} Pa(cos)

(22+y2—(qRum)?)

52y . All other parameters

where x = kp Ry, y = (¢q—kp)Rps and cos 0 =
Ag, A1, Az, C, Ry, 7e, aepp and E. are adjustable parameters specific to the element

in question.

Animalu [65, 66, 58] has parameterized all of them by fitting the potential to the
experimentally obtained spectroscopic behavior of the element for many elements
in the periodic table. The parameters for certain elements that were used in this
work are given in Table 3.1.2. The form factor obtained for aluminum using Heine-

Abarenkov-Animalu approach was given in Figure 3.1.4.
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Table 3.1.2: Heine-Abarenko-Animalu potential parameters for the elements that
were used in this study.
Element Ay Aq Ay C Ry Te Qeff E.
Na 0.305 0.339 0.402 0.402 34 1.85 0.052 0.072
Mg 0.78 0.88 0.99 0.99 2.6 1.47  0.043 0.086
Al 1.38 1.64 1.92 1.92 2.0 1.08 0.024 0.094
Ti 2.3 2.5 2.1 2.0 2.0 1.285 0.037 0.096
Mn 0.89 0.98 0.87 0.91 2.2 1.512 0.088 0.095
Cu 0.25 0.4 0.215 0.455 2.2 1.814 0.157 0.086
7n 0.99 1.14 0.98 0.91 2.2 1.57 0.079 0.091
Sn 1.84 2.04 1.62 1.62 2.0 1.4 0.032 0.092

3.1.2 Screening of the Pseudopotential

The electric field created from the ion, polarizes the surrounding charges and this
causes the redistribution of the electron density. This new electron density distribu-
tion, as a consequence, causes a weaker electric field to be created than the electric
field created from a bare ion. This is called electron screening. The screening effect
on the bare ion pseudopotentials can be treated as dividing the potentials’ Fourier

constants to the modified Hartree dielectric function.

If the electron-electron interaction is ignored, ideal Fermi electron gas condition
was obtained and the use of the quantum mechanical perturbation theory becomes

possible that yields the electron response function, which can be written as

mkp (1 — 22 1+xz
XO(Q) = _h2ﬂ'2 Az In

r = q/2kp

1
+ 2) (3.1.10)

1—=x

This function is the Lindhard [67] free electron polarization function. Thus, the
free electrons under the effective potential 0V,;; have a disturbed electron density

given by

n(q) = xo(2)0Vers(q) (3.1.11)

As it can be seen from the Equation 3.1.11, there is a linear response. In the case

of an external field, the effective potential on the electrons is given by
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Figure 3.1.4: Heine-Abarenkov pseudopotential form factor for Al.

Vepr(a) = 0Vewt(q) + Ve(q)[1 — G(q)]0n(q) (3.1.12)
7T€2
Vig) = 12

where V(q) is the bare Coulomb interaction between electrons and G(q) is the local
field correction factor (LCF) which involves the effects originated from the electron-
electron correlation on the Coulomb interaction. If Equations 3.1.11 and 3.1.12 are

solved simultaneously, the below Equation is obtained.

_ X0(9)0Vert(q)
) = TVl - Ghol@ (34:43)
From this point, Hartree dielectric function can be obtained as
_ Xo0(9)0Veat (q) _ 1 b
0 = T S = T (L ) Ve (8110
£) Ve(a)xo(q)

1+ Ve(@)xo(9)G(a)
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As a consequence the screened pseudopotentials can be found in the following

way

O
Sl = 1- oo

(3.1.15)

The effect of LCF is very profound therefore, there were numerous studies in

the literature. The local field correction factors used in this study are given in the

following sections.

RPA (random phase approximation)

Hubbard [68]

Kleinman [69]

1 ¢ q2)

ooz Taz
2

14 0.025447167757

(3.1.16)

(3.1.17)

(3.1.18)

where 75 is the pair interaction factor between electrons and it is related to electron

density, n = Q/Z, with

Geldart-Vosko [70]

Ty = 2 (Zﬂn)
12
G(Q) = §(m)
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Langreth [71]

Glg) = 2L LT, (3.1.21)
VT LTy R T R+ K? -
K2 — ki(1—<)
° S
1 kTF 2
= -1 A58(——
S [ +0 58(21@:)]
2
krp = 2he (3.1.22)
s
Ichimaru-Utsumi [72]
GQ) = AQ4+BQ2+C’+[AQ4+(B+§A)Q2—C (3.1.23)
4 —Q? 2+Q
X ( 10 )ID‘Q—Q
- 1
Q = i
A = 0.029
9 3 16
B = 1—670—@[1—9(0)]—5/1
3 9 16
¢ = —170—1*6[1—9(0)]—314

where ¢(0) = %(Ilfz))z, z=4\/ a= (%71')1/3
I1(2) is first order modified Bessel function, 7, is related to electron correlation

energy and compressibility.

1 7ma5d |1 d
= T T i 77Ec s
o 4 24 dr, [7“3 drs (r )}
d bo 1+ bz
—F.(rs) = — , T = <
drs (rs) T [1+b1$—|—b2:132+b33:3] TEVT

where by = 0.0310907, by = 9.81379, b = 2.82224, b3 = 0.736411
Vashishta-Singwi [73]
q
Glg) = All — exp(~BQY),Q = L (3.124)

kr
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Ts 1 2 3 4 5 6
A 0.70853 0.85509 0.97805 1.08482 1.17987 1.26569
B 0.36940 0.33117 0.30440 0.28430 0.26850 0.25561

For the intermediate electron liquids, the below fit equations are used,

A(z) :a—i—bx—i—cx?’—i—d\/%—i—g (3.1.25)

where a = 0.287730339, b = 0.012549482, ¢ = —4.929 x 107°, d = 0.370269366,
e = 0.038030103

1
B(x) :a—l—bx—l—cxs—l—dlnx—i—en—; (3.1.26)
x

where a = 0.372944449, b = —0.00355839, ¢ = 1.39398 x 107°, d = —0.05599457,
e = 0.026795153

Moronoi-Ceperley-Senatore [74]
Q2 nq—1/n q
Glg) =R |(A-C)"+ | +CQ% Q= (3.1.27)
B kr
where n = 8.014155308 — 0.00018224 exp(r)

A =7, (same as Ichimaru-Utsumi)

B — 142.15240.43503
3+1.572+0.40923

C = g0z [~ & (rsEe(rs))]
T =\Ts

The forms of local field corrections for aluminum that are covered in this chapter

were given in Figure 3.1.5.

3.2 Pair Potentials Derived by Pseudopotential Theory
The total energy of the system per ion involves two parts. The first part is the volume

term and consists the largest part, however it is independent from the position of the

ions. The second part is composed of free electron gas energy, electrostatic energy
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Figure 3.1.5: Screening functions for Aluminum.

and band energy due to ion-ion, electron-ion and electron-electron interaction. The

second order perturbation theory defines the band structure energy as

- L 10) #ulo (3.2.1)

where ¢ is the reciprocal space lattice vector, S(g) is the structure factor which
determines the ion distribution and ®(g) is called as energy wave number charac-
teristic or characteristic function of band structure energy. The Equation 3.2.1 can

be rewritten as

Ups = — D By (g)eatt i) (3.2.2)

In Equation 3.2.2 a sum is done over reciprocal space lattice positions and ion

types. If ¢,4(r) is defined as the Fourier transform of ®y,(q),

(pbs(r) = (227?)3 /dgqq)bs(Q)eiqr (323)
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then the band structure energy can be rewritten as the sum of the pair interaction

potentials between atoms in real space.

Unn(r) = 515 3 @alr = 70) (3.2.4)

s (1) determines the pair ion interaction through the conducting electrons, there-
fore it is an indirect interaction. If the direct Coulomb interaction is added to this

term, then the effective pair potential between the ions is obtained.

VAT VR sin(qr)
E | dg®y ()T 3.2.5
o) = T4 5 [ @)™ (3:25)

The energy wave number characteristic is independent of the ion distribution
and depends only to the pseudopotential form factor and the atomic volume. In
addition, in the calculation of the characteristic function of the band structure energy,
screening effect of the pseudopotential form factors must be considered. Therefore

the effective pair interaction potential between ions explicitly can be given as

o) = 2¢ {1 _2 /OOO dq [1 - 1] M2(q) Sm(qr)} (3.2.6)

Qq? r

[Wo(q)[?

4me?

M?(q) = [

The interaction potential using Equation 3.2.6 for aluminum using Ashcroft and
Heine-Abarenkov-Animalu pseudopotentials with Geldart-Vosko screening function

were given in Figure 3.2.1.
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Figure 3.2.1: Pair interaction potentials derived for Aluminum using Ashcroft and
Heine-Abarenkov-Animalu pseudopotentials with Geldart-Vosko screening function.
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CHAPTER 4

PSEUDOPOTENTIAL BASED

ELECTROMIGRATION THEORY

4.1 Introduction

The electromigration theory is reviewed in aspects of thermodynamics and kinetics
by Ho and Kwok [75]. Electromigration is a basic diffusion process under a driving
force. There is phenomenological and theoretical approaches for the determination of
this driving force in the literature [76]. It is found that the electromigration driving
force is related to the direction of motion of the electrons which is then called electron

wind force.

Electromigration driving force consists of two parts, one of which is the force
from the applied electric field and the other is the electron scattering force. Fiks [77]
and Huntington and Grone [78] formulated the electron wind driving force using a
ballistic approach to handle the collision of electrons with the atoms. Huntington
and Grone found that the driving force depends on the atomic configuration of the
diffusion path and the types of the defects. However there is a problem of seperating
the atoms, lattice and electrons in this method [14]. A quantum-mechanical model
was established by Bosvieux and Friedel [79], in which the electron scattering force
is taken as electrostatic force of the electron charge acting on the scattering center

using weak electron-ion Coulumb potentials.

Sorbello [14, 15, 16] has made a very comprehensive study about determining
the driving force for electromigration for each individual atom in a lattice with a

pseudopotential method. Sorbello reported that the electromigration force on each
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atom consists of two different forces, one of which is the force from the applied electric
field and the other is the force exerted by the scattering electrons. It was reported
that the electron scattering force is caused by the impurities and vacancies in the

lattice.

In recent studies, Todorov et al [80] calculated the forces on each atom due to an
applied electric field by a self-consistent tight binding formalism. Dekker and Lodder
[81] has calculated the electromigration wind force in FCC and BCC metals with a

Green’s function approach.

In this study an atomistic approach to electromigration induced diffusion in metals
is aimed to be simulated with the use of the pseudopotential method driven by
Sorbello [14], therefore a detailed discussion of this method is given in the following

section.

4.2 Pseudopotential Based Electromigration Driving Force

Sorbello [14] used a similar method with Bosvieux and Friedel [79], that is the electron
scattering force is calculated by the classical electrostatic force of the electron charge
acting on the ion. However for the electron-ion interaction, instead of weak Coulomb
potential, Sorbello suggested a pseudopotential method for the calculation of the

forces and charge densities.

Sorbello handled the force calculation in two separate parts; force on an ion arising
from the electric field and from the electric current which is the electron scattering

force.

Sorbello used the Born-Oppenheimer approximation to express the electron de-

pendent force on an ion j:

F; = /n(r)g]?dr (4.2.1)
j

where n(r) is the electron density, Vj is the bare electron-ion interaction potential and
R; is the ion position. Then Sorbello obtained the screened current dependent charge
density, and instead of electron-ion potential used a pseudopotential and modified

Equation 4.2.1 after some derivation [14] as

oWp

Fj = _TRpaR'
J

(4.2.2)
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where p is given as the current dependent part of the density operator and Wy is
the unscreened pseudopotential. After some algebra, Sorbello expressed the electron

scattering force on an ion in terms of a potential Uj:

oU;
F=—-— 4.2.3
J aRj ( )

where Uj is given by

St > up (4.2.4)

vacancies impurities
and uj,, is defined as
2 2k
S () cos(va By = Rm) [ Wi(@) Win(0)aj1(a | R; = Bonl)dg
Ujm = for R; # Rm

2 ‘R, 2k
Lk (0L [3F W (@) Win(a)g*da, for Ry = R
(4.2.5)
where v, is the electron drift velocity due to applied electric field, vg is the Fermi
velocity, W;(q) is the form factor of specie j, Q is atomic volume, j; is the spherical

Bessel function defined as ji(z) = 2 2sinz — 2! cos z.

If the above expression is applied to a perfect lattice of atoms, the contribution to
the driving force is obtained as zero. Sorbello has investigated the above expression

for different diffusion mechanisms such as vacancy or interstitial mechanisms.

In the absence of distortion the force on a substitutional impurity, obtained by
regarding the substitutional impurity consist of an impurity and a lattice vacancy

occupying the same site, is given by

Pmkp

Fsup = 15 312

Up
(d) W) Wal) - Wilg)ld*dg  (4.2.6)
(al 0

where Wa(q), and Wi(q) is the form factor of substitutional impurity and host ion
respectively. In addition, the force on an atom that derives it to jump to a nearest

neighbor vacancy was given as
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) 2k 5 o 1 2kp )
){ WiaPilaNd - g [ W) q3dq}

Fyac =
VAC A 3
(4.2.7)

Qka‘F < ()

422 \op

where A is the nearest neighbor jump distance.
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CHAPTER 5

METHODOLOGY

In this study, bulk diffusion characteristics of aluminum alloys under electromigration
force was investigated using molecular dynamics method. For this purpose a mole-
cular dynamics program was developed. The program was written in FORTRAN

language. The structure of the developed program is given in Figure 5.0.1.

At the initialization part as mentioned earlier, initial atomic positions and veloc-
ities were assigned to atoms and the simulation parameters such as temperature and
number of MD steps were input to the program. 8000 Al atoms were put into a box
of 40.5 x 81 x 40.5 Angstrom MD box where there are actually 10 x 20 x 10 unit cells
of FCC lattice along the x, y and z Cartesian coordinates as schematically shown
in Figure 5.0.2. In order to observe the diffusion behavior under electromigration
force, an electric field is applied along the positive x-axis direction. The application
of the electric field in x direction, as a consequence of electromigration force, causes
the movement of the entire cell in that direction. This bulk mass transfer is similar
to convection phenomena. Actually, there is no convection in interconnects, because
of the boundary conditions imposed on the real geometry. Hence, to avoid this, one
cell from the top and one cell from the bottom along the y-axis were fixed. The fixed
atoms are designated with red color in Figure 5.0.2. This results 800 atoms to be
fixed, 400 from the top and 400 from the bottom. The introduction of fixed atoms
in the simulation cell hinder the transport of atoms that are nearby the fixed atoms.
In order to overcome this falsifying effect on the diffusion behavior a rather larger
simulation cell was constructed along the y direction and only the atoms placed in
the middle of the box (which makes 4000 atoms) were analyzed for the determination
of the diffusion properties. The system of atoms that were analyzed was shown in

Figure 5.0.2. In addition, 32 atoms were taken out to obtain vacancies in the system.
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Figure 5.0.1: Molecular dynamics program structure.

47



These 32 vacancies were placed in a mesh, at the center part of the cell. As can be
seen from the Figure 5.0.3, the vacancies were located as groups of 4 vacancies. This
is introduced to the system in order to increase the electromigration force on nearby
atoms so that diffusion becomes appreciable. 45 substitutional atoms which are Cu,
Mg, Mn, Sn, Ti, are also placed at the center part of the cell in a mesh. In Figures

5.0.2 and 5.0.3 the distribution of substitutional atoms in the starting cell is shown.

Initial velocities were given to the atoms randomly from a Gaussian distribution.
At this stage the total momentum of the system was set to be zero. In addition,
the velocities were scaled to adjust the temperature to the desired value. All of the

control parameters of the MD simulation were given to the program with an input
file.

For the integration of the Newton’s equation of motion, Gear predictor-corrector
and velocity Verlet algorithms were implemented in the program. In this work veloc-
ity Verlet algorithm was used, since Verlet algorithm is more attractive in terms of
energy conservation at longer time steps. In addition, since there is a large number
of atoms used in the simulation box, in order to reduce the computation time, linked

list algorithm was implemented in the program.

Heine-Abarenkov-Animalu [56, 57, 58] model potentials were employed for the
atomic interactions. The scheme used for interatomic potential generation, as was
finalized in Equation 3.2.6 gives the results at discrete points in real space. In order to
avoid lengthy computations every time in MD force evaluations, the potential should
have an analytical form. Therefore data was fitted to a 13 parameter Fourier series
given in Equation 5.0.1 and used in this analytical form in the molecular dynamics

program.

r—7To . r—7To
= b cos S 5.0.1
o(r) a+beos(m —— ) + esin(m_—— (5.0.1)
+d cos(2m i ) + esin(2m r-r
T™m —T0 'm —T0
+f cos(3m i ) + gsin(3m i )
Tn —T0 Tn — T0
+h cos(4m i ) + i sin(4m ror )
Tn —T0 Tn —T0
+j cos(bm o ) + ksin(bm U
Tn —T0 Tn —T0
+1 cos(6m T ) + msin(6m ror
Tn —T0 Tn —T0
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Figure 5.0.2: Schematic diagram of MD cell in two dimensions, used in this work,
representing the distribution of host, fixed and impurity atoms.
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Figure 5.0.3: Atomic configuration of the impurities, vacancies and fixed atoms when
the host atoms are excluded.

where a to m are the Fourier coefficients and rg and r,, gives the range for real space
vector where fitting was carried out. The fitting of the Al-Al pair potential data
to Fourier series gives a goodness of fit of 72 = 0.9999933576 which is exceptionally
good and represents the data with at most 1 meV error in the potential. This value
is within the acceptable tolerance in ab initio calculations. The use of more complex
functions increases the computation time unnecessarily. The Fourier fit parameters
of the potentials of elements used in this study were given in Table 5.0.1, as well as

the potential itself in Figure 5.0.4.

The evaluation procedure of potential functions for different screening functions
were carried out using GULP [82] software. The results of the interatomic potential

evaluation was given in the forthcoming chapter.

For the temperature control of the simulations, velocity scaling, Berendsen method
and Nose-Hoover thermostat [36, 37], and for the pressure control Andersen [41] and
Berendsen [35] methods were implemented in the program. Molecular dynamics

simulations accomplished in this study were carried out in NVT ensemble. As men-
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Table 5.0.1: Fourier fit parameters for interatomic potential for all pair interactions.
The range of the potentials was carried out between 2.0 and 8.0 Angstrom, respec-
tively as ¢ and r,,. The units of all of the Fourier parameters are in eV.
Al - Al Al - Cu Al - Mg Al - Mn Al-Sn Al-Ti

a 28.58820 35.443622 11.803691 20.846359 44.449366 48.420602

b 11.37887 11.421738 6.9773471 8.418488 16.066938 14.079163

¢ -49.43655 -61.82470 -19.54810 -35.95302 -77.14364 -85.17685

d -31.58869 -40.82441 -10.66685 -22.84379 -50.03738 -57.50072

e -15.35909 -15.31378 -8.982112 -11.24089 -21.56163 -19.48912

[ -11.56402 -11.55592 -6.113529 -8.369197 -16.21126 -15.38738
g 14.41640 20.106552 3.216899 10.402513 23.732942  29.093363
h
i
J
k
l
m

4.41000  7.159457  0.099842  3.207555  7.871105 10.519685
5.44469  5.600885  2.345433  3.928827  7.740661 = 7.825999
1.50859  1.688394  0.417812  1.099452  2.229726  2.434664
-0.81759  -1.677667  0.238918  -0.599425 -1.669391 -2.488076
-0.08478  -0.215718  0.042433 -0.060328  -0.194297 -0.295892
-0.196421  -0.244103  -0.009577  -0.142551 -0.303402 -0.368709

tioned earlier, NPT simulations are more realistic, however since in the construction
of simulation box experimental lattice parameter for aluminum was used, a realistic
pressure was obtained in the NVT ensemble with some fluctuation. Thus in order to
save computer time, simulations were carried out in NVT ensemble. Temperature
control was accomplished by Nose-Hoover thermostat and the thermostat mass of
@ = 50 amu was used in this work. The simulations were carried out at temper-
atures of 1000K, 1200K and 1400 K. The melting temperature was calculated for
aluminum with the generated potential as 1800 K. In literature Tu [83] was pointed
out that the electromigration failure occurred in aluminum by lattice diffusion was

seen at %of the melting temperature.

In the equilibration part of the simulation electromigration force was not applied
to the atoms. At this stage the system is left to reach to thermal equilibrium. In
this study 20000 steps of equilibration was used since in non-equilibrium molecular
dynamics method the equilibration stage is not critical. Total molecular dynamics
run proceeded 60000 steps further with At = 2fs. One important fact should be
kept in mind that, in order for the time unit to be seconds, SI units should be used
all throughout the simulation where mass should be in kg and distance should be
in meters, then energy will be in Joules. However the use of SI units in atomistic
simulations necessitates to deal with very small numbers which might cause sum
errors in the calculations due to insignificant number of digits. Therefore it is wise

to use atomic units or preferably the amu (mass), Angstrom (distance), eV (energy)
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Figure 5.0.4: Pair potentials between aluminum and alloying elements used in this
study.

unit system. In this case what will be the unit of time ? It can be evaluated that if
the arbitrary unit of time is multiplied by a factor of 0.09822305118, the unit of time

will be femtoseconds.

In the calculation of the electromigration wind force, the drift velocity of electrons
due to the applied electric field has to be specified. In the microscopic view of the
Ohm’s Law it is suggested that the proportionality of current and voltage comes
from the fact that an applied electric field superimposes a small drift velocity on the
free electrons in a metal. For ordinary currents, this drift velocity is on the order of
millimeters per second in contrast to the speeds of the electrons themselves which

are on the order of a million meters per second.

The drift velocity can be expressed in terms of the accelerating electric field F,
the electron mass m, and the characteristic time between collisions 7 as,
el d

E
o (5.0.2)
m m vp

Vd =

where e is the electronic charge, d is the mean free path of an electron and vg is the

Fermi velocity. In addition, the conductivity of the metal can be expressed in terms
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of the density of the free electrons, n, as

ne3d

mMup

o =

(5.0.3)

Combining Equations 5.0.2, 5.0.3 and the Ohm’s Law, J = ¢F, where J is the

electric current density, we have

ne ne

Since the stable oxidation state of Al is three, the number of free electrons per
m? of Al will be, n = 3% = 1.815 x 10?2 electrons/m® where N4 is the Avogadro’s
number, p is the density and A is the atomic weight. Assuming that, under normal
operating conditions of integrated devices, current density can be as high as 1010
A /m? then, the drift velocity for Al will be calculated as 0.34 m/s. Conversion from
SI units to atomic units gives the drift velocity as 1.5 x 107 a.u. In this study we
have used 0.01 a.u. drift velocity. Although it is a rather high value compared to
experiment, it was necessary to use such high values in order to observe an appreciable
diffusion in a quite limited amount of real simulation time which is only 0.12 ps, where

the simulation was carried out at almost half of the melting temperature.

The electromigration force was calculated by the use of a pseudopotential ap-
proach of Sorbello [14], where in this approach Heine-Abarenkov-Animalu form fac-
tors are used. The calculated electromigration force was added to the force obtained
from the interatomic interactions at the corrector stage of the integration part. This
added force can be thought as a perturbation which causes non-equilibrium conditions

to be imposed on the system.

As mentioned earlier the electromigration force on atom j due to an applied elec-
tric field depends on the impurities and vacancies in the lattice, given by Equations
4.2.3 and 4.2.4.

oU;
F.=_—-7
J OR;

UjZ— Z u]'n-l- Z U

vacancies impurities

where 1, has to be defined for all of the possible cases of pair interactions. The
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possible pairs and their contribution to the potential in the calculation of electromi-

gration force on the j¥* atom is given in the Table 5.0.2.

In addition, the force distribution near a vacancy in an aluminum lattice and
the electromigration force on various subtitutional atoms in an aluminum lattice was
calculated separately from molecular dynamics simulations, actually before going
into detailed MD studies. The aim was to determine the candidate substitutionals in

aluminum that would have smaller electromigration force on them.

The evaluation of the force on the atoms due to neighbouring vacancies in the
lattice is not an easy process compared to the force calculation due to the impurities
in the lattice, since during the simulation, the positions of the vacancies should be
traced. To determine the positions of the vacancies in each MD step, a subprogram
was developed and this routine was called before each electromigration force calcu-
lation. The routine works in such a manner that the vacancies can be only located
at perfect lattice sites. For each perfect lattice position therefore a sphere was con-
structed and it is controlled if there is any nearby atom located in this sphere. All
of the atomic positions and their image positions in the MD cell is controlled for one
perfect lattice position. The radius of the sphere is determined by several trials that
give the correct vacancy number, which is introduced at the initialization part of the
program. 1.145 A of radius is used in this study compared to 1.431A of half of the

nearest neighbor distance in FCC aluminum.

In order to investigate the diffusion behavior of a material by molecular dynamics
method, diffusion coefficient can be calculated by mean square displacement (MSD)
(see Equation 2.1.34) or by velocity autocorrelation function (VAF) (see Equation
2.1.36). In non-equilibrium molecular dynamics however, Equation 2.2.11 can be
used. In this study there is an applied electric field on the system, and this causes
an electromigration force exerted on the atoms. This imposes the non-equilibrium
conditions, thus excludes the use of MSD or VAF, since in non-equilibrium systems,
approaches of statistical mechanics could not be used. Moreover, the treatment in

NEMD can not differentiate the atomic species.

The calculation of the diffusion coefficient via EMD or NEMD approaches seems
not to be possible under the conditions of the simulation in this study. In that case
nothing but the basic definition of atomic transport is left, which is atomic jump

frequency and it is defined as
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Table 5.0.2: Possible pairs for calculation of the force on atom j.

type of | type of m Wi, for m < N
7t atom
host atom | host atom | 0
host atom | impurity | = wjm +{ — %ir@;f{ (U—d> cos(vg, Rj — Rpm)
Jo™ " Wi(a) (Win(a) = W;(9)] %51 (g | R; — Rnl)dg}
host atom vacancy = Ujm — { — %i@;fp (U—d> cos(vg, Rj — Ry)
Jot Wi(g)*q?1(q |R; — Rum|)dg}
impurity | host atom | 0
impurity | impurity | =wujm+{— % (v‘f}fj )
J25 Wi(q) [Wilg) — Win(q)] ¢3dg} where m is
+{ - Qi:?;fF (vd> cos(vg, Rj — Ry,) host atom
S Wi(a) W (@) = Win(a)] %1 (a] R; = Runl)da}
impurity vacancy | = Uj; —{ — %27:?}{:{ ( 5d> cos(vg, Rj — Rp)

J Wi (@) Win(9)q251 (g |Rj — Rim|)dg}

2 R .
+{ - 5122;7;]%5 ”ip 7) where m is host atom

1257 W) [W;(g) — Win(q)] ¢3dg}

- (3)

where I' is the jump frequency of atoms, n is the number of jumps associated by

atoms during a time ¢t. It is assumed that the successful jump counts if the atom

moved by a distance not less than the nearest neighbor distance in FCC.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Critical Potential Evaluation for Aluminum

For the evaluation of atomic interactions in the molecular dynamics simulations, pair
potentials were constructed using Heine-Abarenkov-Animalu model pseudopotentials.
Various screening functions, which are Hubbard, Kleinman, Langreth, Geldart-Vosko,
Ichimaru-Utsumi, Moronoi and Vashishta-Singwi screening functions, were used in
the potential production for aluminum. The obtained potentials were given in Figure
6.1.1.

The potentials used in the simulations should be tested in order to be confident
about their applicability in simulations. For this purpose the validity of the poten-
tials produced with different screening functions were tested by GULP [82] software
and some of the properties, which were lattice parameter, lattice energy and elastic
constants of aluminum were calculated and compared with the experimental ones,
as given in Table 6.1.1. First and one of the most important expectation from the
potential is its capability to predict the right ground state, which is FCC for Al. As
can be seen from Table 6.1.1 for all screening functions and from Figure 6.1.2 in detail
for Geldart-Vosko screening, the right ground state FCC was predicted. Then the
analysis of the lattice parameter, elastic constants, etc. becomes important. The best
prediction of the lattice parameter was obtained with Geldart-Vosko screening, see
Table 6.1.1. It predicts the lattice parameter with 2.96% error. Therefore, Geldart-
Vosko was chosen as the screening function for the production model pair potentials

using Heine-Abarenkov-Animalu pseudopotential form factors.
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Figure 6.1.1: Heine-Abarenkov-Animalu potentials with various screening functions.

In addition self-diffusion coefficients of aluminum were calculated at several tem-
peratures using the mean square displacement (MSD) equation (Equation 2.1.34)
with the simulation of the system under equilibrium conditions. In order to calculate
the temperature dependence of the diffusion coefficient (D(7')), molecular dynamics
simulations were carried out at 800 K, 1000 K and 1200 K. For each temperature
mean square displacement was sampled over 150000 time steps which corresponds to
14.73 ps. Mean-square displacements obtained at different temperatures were given
in Figure 6.1.3. From the measured slopes of the MSD plots the diffusivity of alu-
minum were calculated to be 1.7x107, 5.8x10711, 5.64x1071% m2 /s at 800 K, 1000
K, 1200 K respectively.

Fitting this data to the well known Arrhenius equation,

D = Dy exp(l;b—T)

gives Dy, temperature independent constant and (), the activation energy for diffu-
sion. The InD vs. 1/kyT plot was given in Figure 6.1.4. From the slope of this
curve, activation energy was calculated as @Q = 67.6 kJ/mole and Dy = 3.50 x 1077
m? /s, compared to the experimental values [87] 124 kJ/mole and 1.37x107° m?/s

respectively. The activation energy predicted was almost half of the experimental
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Table 6.1.1: Properties of Aluminum obtained from various screening functions on
Heine-Abarenkov-Animalu model potentials.

Screening Crystal Lattice Lattice Ci1 Cia
Function Structure Parameter Energy
(A) (eV) (10" dyn/cm?)  (10*dyn/cm?)
Experimental fcc 4.05 [84]  -3.3983 [85] 10.649 [86] 5.988 [86]
Hubbard fcc 3.5880 -17.9828 43.134 28.585
bce 2.8124 -9.0048 48.784 37.126
Kleinmann fcc 3.9137 -1.8017 24.188 8.899
bee 3.1221 -1.0708 3.754 10.711
Langreth fce 3.9321 -1.4072 22.832 8.166
bce 3.1471 -0.6949 0.745 0.248
Geldart - fce 3.9301 -2.8189 22.396 8.704
Vosko bce 3.1408 -2.1688 12.902 4.301
Ichimaru - fee 3.8982 -0.1413 27.699 9.342
Utsumi bee 3.0909 0.7371 4.771 12.149
Moronoi fce 3.9025 -0.6469 26.041 8.988
bce 3.1078 0.1744 3.451 11.154
Vashishta - fcc 3.8762 -2.5089 26.965 10.669
Singwi bee 3.0747 -1.7758 7.546 13.321
-0.3
- —m— BCC
0.4 \ —eo— FCC
3 ] l\ ./l
? 054 W W
c LN o
'-5 °
8 0. \ /
g . ¢
— \ ./
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Figure 6.1.2: Ground state analysis for Heine-Abarenkov-Animalu model potentials.
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Figure 6.1.3: Mean square displacement for different temperatures.

value. This may be due to the very high concentration of vacancies in the system.

6.2 Electromigration Force Calculation Results

The electron scattering forces on several substitutional impurities were calculated
using Equation 4.2.6 in aluminum with Heine-Abarenkov-Animalu model pseudopo-
tentials and were given in Table 6.2.1. In addition, the average force, Equation 4.2.7,
for diffusion by vacancy mechanism for aluminum was calculated as 0.0633 eV/A.
There seems to be a relation between electron scattering force and the number of
valence electrons of the substitutional atoms. Li, Cu, Na, Pd has the least scattering
force acting on them. From Table 6.2.1, it can also be seen that several substitutional

atoms has a negative scattering force, opposite to the electron drift.

The distribution of the electron scattering force nearby a vacancy and substitu-
tional impurities were also calculated. The force distribution nearby a vacancy in the
(111) plane on the FCC lattice can be seen in Figure 6.2.1. In the figure, vacancy is

placed at the middle, which is denoted by a square. The arrows indicate the direction
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Figure 6.1.4: Arrhenius plot for the diffusion coefficient calculated from the mean
square displacements.

of the force on each atom and the numbers give the scaled magnitude of the force.
It can be seen that the magnitude of force on the atoms nearby the vacancy is quite
high. The largest force on the atoms are in the direction of the electron scattering

force.

Electromigration force distribution nearby the vacancy with a substitutional atom
were given in Figures 6.2.2, 6.2.3, 6.2.4, 6.2.5 and 6.2.6 for Cu, Mg, Mn, Sn and Ti
respectively. The distribution of the electromigration forces in substitutional impurity
systems varied depending on the nature of the impurity elements. The addition of
Sn and Ti causes a negative force, in the opposite direction of the drift velocity, on
the host atoms nearby an impurity, while the addition of Cu, Mg, Mn, do not alter
the direction of the forces as in the vacancy case. The addition of a substitutional
element mainly influences the state of the force on the host atoms which are nearest
neighbors to both the impurity and the vacancy. In addition, the forces calculated
on Ti and Sn atoms are much higher in magnitude than the other alloying elements,
which were aligned in the direction of the drift velocity. However the force calculated

on Cu was very small and aligned in the opposite direction of the drift velocity.
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Table 6.2.1: Electron scattering forces on elements that are added subtitutionally to
the aluminum with a drift velocity of 0.01 a.u. All forces are in eV /A.

Element Foup Element Feup Element Fgup | Element  Fgyup
Li 0.00895 \Y% 0.2944 Rb 0.196 Sn 0.0304
Be 0.0159 Cr 0.0362 Y 0.161 Sb 0.0901
B 0.1162 Mn -0.0173 Zr 0.197 Te 0.1678
C 0.3169 Fe 0.0233 Nb 0.2128 Cs 0.2548
Na 0.0033 Co -0.0143 Mo 0.2468 Ba 0.8022
Mg -0.01024 Ni -0.0144 Tc 0.1557 La 0.1086
Si 0.04903 Cu -0.0018 Ru 0.1899 Hf 0.1413
P 0.1727 Zn -0.0122 Rh 0.1518 Ta 0.1999
K 0.0938 Ga 0.0123 Pd 0.0024 W 0.2184
Ca 0.1141 Ge 0.0522 Ag 0.0152 Au 0.0941
Sc 0.0166 As 0.1535 Cd 0.0098 Pb 0.0425
Ti 0.1028 Se 0.2786 In 0.0137

6.3 Non-Equilibrium Molecular Dynamics Results

The addition of electromigration force to the force calculated from the atomic interac-
tions was done on the corrector stage of the integration part in the molecular dynamics
program. The application of an external force on the atoms imposes non-equilibrium
conditions, where the approaches of the statistical mechanics can no longer be valid
and the determination of diffusion coefficient by the use of mean square displacement
or velocity autocorrelation function could not be carried out. Additionally, diffusion
behavior can not be understood by the calculation of the diffusion coefficient, defined
for the systems, given by Equation 2.2.11, since it will be analogous to the diffusion
coefficient calculated by equilibrium molecular dynamics. As a consequence, to char-
acterize the diffusion behavior, the description of the jump frequency was used, in
which for each Al atom in the box, the elapsed time for an atom to jump to another
lattice position and the number of jumps were calculated. A jump was characterized
by the movement of an atom by the nearest neighbor distance in FCC, which is 2.86
A for aluminum. The jump frequency was then obtained by averaging the number
of jumps per second over all of the Al atoms in the system. The calculated jump
frequencies of aluminum atoms for alloy systems investigated were given in Table
6.3.1.

As can be seen from Table 6.3.1, with the increase in temperature, except for Ti
system, jump frequencies were also increased as expected. In Ti alloyed system, there

is a small decrease in the jump frequency going from 1200 K to 1400 K. This may
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Figure 6.2.1: The force distribution near a vacancy in (111) plane for Aluminum

be due to some inefficiency in the potential. In addition, for all impurities added,
a decrease in the jump frequency of Al was observed. However the amount of the
decrease changes from impurity to impurity. At 1000 K, the most effective additions
are Cu, Mn and Sn. Other elements Mg and Ti were not so effective. For Cu, Mn
and Sn, the jump frequency at 1000 K was decreased respectively to 3.952x1071°, to
5.254x10719 and to 4.863x107!° jumps per second, compared to jump frequency in
pure Al, from 12.236x107!° jumps/sec. As temperature increases, the above trend
continues to hold except for Mn, where at 1200 K for example, the jump frequency
of Al in the Al-Mn alloy increased to 21.518x107!? beyond the value of 18.58 x 1010
in the pure Al. As temperature rises to 1400 K, the system was so agitated that the

effect of the alloying elements becomes less significant.

In order to understand the diffusion behavior of aluminum with the addition of
alloying elements under the electromigration force, the force distribution generated
by the alloying element and the character of the interatomic potential between alu-
minum and the alloying element was considered simultaneously. For this purpose,

furthermore, equilibrium MD simulations of pure Al and Cu added alloy were carried
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Figure 6.2.2: Electromigration force distribution nearby a Cu substitutional on (111)
plane.

out in exactly the same way as done before, but this time the electromigration force

was turned off. The calculated jump frequencies at 1000 K were given in Table 6.3.2.

It is interesting to note that, the jump frequencies of Al decreases as electromi-
gration force was turned on. As already mentioned by Tu [83], an experimentally

observed similar behavior could not be explained.

In Figures 6.3.1 and 6.3.2, the calculated force distributions, due to atomic inter-
actions only, around a vacancy and vacancy and Cu substitutional impurity couple in
the (111) plane of the FCC lattice were given, respectively. In these figures nearest
neighbors were considered only and the arrows show the direction and the numbers
denote the scaled magnitude of the projected forces on the (111) plane. In three
dimensions actually, for the case of vacancy for example, all forces should be equal
to each other because of the symmetry. Since in three dimensions the visualization

of the picture is not so easy, the two dimensional picture was preferred.

As can be seen in these figures because of the missing chemical bond, all atoms

around the vacancy were pulled away from the vacancy. With the inclusion of Cu,
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Figure 6.2.3: Electromigration force distribution nearby a Mg substitutional on (111)
plane.

however, the forces on Al atoms were modified such that they are now stronger. This
means that, for the exchange of a vacancy and a nearest neighbor Al atom, larger
forces have to be overcome and thus a slower diffusion kinetics should be expected.
This may explain why in Cu substituted alloys jump frequency decreases. When
we apply the electric field, in addition to the forces due to interatomic interactions,
electromigration forces were developed as well. The magnitudes of these forces are
such that, interatomic forces are several orders of magnitude larger than electromi-
gration forces, therefore the scaling in Figures 6.2.1 - 6.2.6 and in Figures 6.3.1 - 6.3.2
were not the same. The inclusion of the electromigration force, in both cases of pure
and Cu added, resulted in the weakening of some and strengthening of some other
forces. In the case of pure Al, however, the additional electromigration forces on the
neighboring Al atoms tend to cancel each other, see Figure 6.2.1, and should result
in no change in the jumping frequencies, where in Table 6.3.2, there is only a slight
difference in the jumping frequencies. For the case of Cu added alloy, the picture is
somewhat different, see Figure 6.2.2, such that there is slight strengthening of the

net force due to electromigration. This means that one should expect a little more
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Figure 6.2.4: Electromigration force distribution nearby a Mn substitutional on (111)
plane.

difficult diffusion thus slower kinetics under electromigration conditions. Another
concern may be, the forces developed on the impurities themselves. For the cases
of Cu and Ti added alloys similar force picture was obtained at the surrounding Al
atoms, thus one should expect similar diffusion behavior. However they are totally
different. This difference may be because of the difference of the forces on the im-
purities. Electromigration force on Cu, for example, was calculated to be so small,
whereas for Ti it is very large, meaning that Ti itself experiences a large disturbance
due to electron scattering. This may cause agility in the surroundings as well. There-
fore compared to Cu, it may not cause a similar reduction in the diffusion kinetics of

the Al atoms.

Therefore diffusion of the host aluminum atoms seems to depend in a com-
plicated way on how electromigration and interatomic forces are developed. The
method presented in this study did not contain full physics, therefore any further
attempt to answer how and why, would be nothing but speculation. The answers can

only be given by ab initio methods where quantum mechanical description of forces
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Figure 6.2.5: Electromigration force distribution nearby a Sn substitutional on (111)
plane.

and response functions to electric field have to be dealt with.

The direct result of this study was the calculated jump frequencies. The
ability of the developed method to predict the experimental situation in Cu added Al
alloys, make the results obtained for Sn and Mn prominent, such that these elements

would also be effective in improving the properties of Al interconnects.
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Figure 6.2.6: Electromigration force distribution nearby a Ti substitutional on (111)
plane.

Table 6.3.1: Calculated jump frequencies (x1071%umps/sec) of aluminum atoms in
given systems at different temperatures.

System 1000 K 1200 K 1400 K

Al 12.236 18.580 23.693

Al-1.125at% Cu 3.952 10.169 24.031

Al-1.125at% Mg 9.125 16.012 30.825

Al-1.125at% Mn  5.254 21.518 29.960

Al-1.125at% Sn 4.863 10.433 25.225

Al-1.125at% Ti 11.049 21.198 19.494

Table 6.3.2: Calculated jump frequecies (x 10~1%umps/sec) of Al at 1000 K with and
without the electromigration force.

System EM force off EM force on
Al 12.975 12.236
Al-1.125at% Cu 4.838 3.952
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CHAPTER 7

CONCLUSION

In the present study, the effect of alloying aluminum on the diffusion behavior under
electromigration force was investigated using non-equilibrium molecular dynamics
simulations. The electromigration force was calculated by a pseudopotential formal-
ism and the calculated force was added to the interatomic force in the corrector
stage of the molecular dynamics. It is shown in this study that the developed proce-
dure can be used to understand the electromigration processes occurring in metallic

interconnect alloys.

Heine-Abarenkov-Animalu model potentials were used in the atomic interactions.
The potentials were tested for the aluminum such that some of the ground state prop-
erties were calculated and compared with the experimental values. The calculated
properties were found to be close to the experimental values where, lattice parameter
was obtained with 2.96% error and self-diffusion activation energy for aluminum was
found to be 67.6 kJ/mole.

Various alloying elements were added to the aluminum and the corresponding
electromigration force on the alloying elements were determined. It has been found
that the force on Cu, Li, Na and Pd is smaller compared to other elements. In
transition metals there is a direct relation between the electron scattering force and

the chemical valence of the element.

The change in the jump frequencies of aluminum atoms were reported at different
temperatures by addition of Cu, Mg, Mn, Sn and Ti to the aluminum. It was found
that, Cu, Mn and Sn reduces the kinetics of the jumps of aluminum atoms. Therefore,
it is suggested that Cu, Mn and Sn can be used as an alloying element to improve
the resistance of aluminum to electromigration. Thus longer failure times and an

increase in the reliability of the interconnects can be achieved.
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APPENDIX A

LisT OF COMPUTER PROGRAM

'l Common declerations
module commondefs
save
type atom
real x0, y0, z0, x, y, z, fx, fy, fz, elfx, elfy, elfz, vx, vy, vz
real ax, ay, az, bx, by, bz, ¢cx, cy, cz, rox, roy, roz, roxl, royl,
(cont.)rozl , xp, yp, zp, xb, yb, zb
integer kind
end type
type ionpos
real x,y,z
integer kind

end type
type (atom), allocatable:: atoms(:)
type (ionpos),allocatable :: ions(:)

integer n, ntype, nvac, nwall

real boxsize x, boxsize y, boxsize z, rcut,a

integer ncellx ,ncelly ,ncellz

real cell factorx, cell factory, cell factorz, bxr, byr, bzr
integer head chain(0:1000), linked list(40010),n v _list(40000)
real atno(10), conc(10), vdd(3)

real ,parameter:: avo = 6.022136736d23

end module commondefs

'l Declerations for MD
module vardecs

type 1]
real eps,sigma
end type
type fourier
real a,b,c,d,e,f,g,h,ix,jx ,kx,lx ,mx,rmin,rmax,eps,sigma
end type
type poten
integer index ,pot
end type
type (poten):: pairtype(50)
type (1j):: ljpot(20)
type (fourier):: fourierpot (20)
integer totstep , np, enunit, scaleint , scalestep, nperf,
real tote, totkin, hamilton, totw, volume, volumel, boxsize x1, deltat,
(cont.) temp, tunit, tstp, tottime
real seed, tempdum, sumvel, tol
real nbox_ x, nbox_ y, nbox =z
real bolz
integer tstep, iconf, imovie, ivac, iforce, imsd, ielmigstep , msdstart,
(cont.) msdend
real q, ps, s
real eps, sigma, encorr
real pressure, pset, m
real mu, tau_t, tau p, lambda, beta
real ,dimension(10) :: molwt
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real ,allocatable:: xini(:), yini(:), zini(:)
real ,parameter:: pi = 3.14159265358979

end module vardecs
!l Declerations for EM force routine
%%%ule Defs

type elements
integer atno
character (2) name
real a0, al, a2, rm, om, m, rc, alf, ec, c
integer z

end type
type (elements) :: sp(10)
type (elements) el (56)

real rr, rrdir(3), omave, zave, mave, X, y, 2z, box x, box y, box_ z,
(cont.) cutoff , xr, yr, zr
real kf, ef, vf, vd, vddir(3), rs, ksi
integer i1, i2, force j, force i
real ,parameter:: Pl = 3.14159265358979
end module Defs
'l MD program
program md
use vardecs
use commondefs
real rp, r0, msd
real deltatsq, hdeltatsq, boxsize x2, boxsize y2, boxsize z2
real elapsedtime
real pavr, sump
real totei, totkini
integer i, counter
real ,external:: timef, read control, open_ output, fcc2, initvel,
(cont.) forceeval , nhl, nh2, elmig, new nlist, findvac, vacf
character controlfile * 12
integer (2) status
elapsedtime = timef ()
call getarg(l, controlfile , status)
if (status .eq. —1) then
write (%, %) "enter controlfile name,:
read (x, *) controlfile
if (controlfile = ’’) stop
endif
call read control(controlfile)
call open output(controlfile ,iconf ,ivac,iforce ,imsd,imovie)
call fcc2(a,int (nbox_ x),int (nbox_y),int (nbox z))
if (enunit .eq. 0) then
bolz = 1.380658d—23
tunit = 1.0d—15
do i=1,ntype
molwt (i) = molwt(i) / avo % 0.001
enddo
endif
if (enunit .eq. 1) then
bolz = 8.617317547d-5
tunit = 0.09822732370761
endif
!parameters in cut—off corrections
eps = 1.507212225d-20
sigma = 2.5748426d-10
pset = 2.5d-3

tau p = 0.01
tau t = 1.0
beta = 0.74474
m= 1.0d-5
volumel = 0.0
counter = 0

= 0.8

5
deltatsq = (deltat*%2) % (tunit=*x2)
hdeltatsq = deltatsq * 0.5
tstp = deltat * tunit
boxsize x2 = boxsize

x / 2
boxsize y2 = boxsize y / 2
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boxsize 22 = boxsize z / 2

volume = boxsize x * boxsize y * boxsize =z

bxr = boxsize x / (volumex%0.3333333333)

byr = boxsize y / (volumexx0.3333333333)

bzr = boxsize z / (volumex*%0.3333333333)
lcut—off corrections

encorr = (2.0 % pi * np / volume * 4.0 % eps ) * ((—1.0/9.0) = (sigma
(cont.) **%12/rcut*x9) — (—=1.0/3.0) * (sigmax*6/rcut=*x3))

linitialize property values

msd = 0.0
sumvel = 0.0
pavr = 0.0

'l Give initial velocities to atoms

call initvel (temp

call forceeval (np, rcut, boxsize x, boxsize y, boxsize z)
!'l— —::nose—hoover thermostat::— —1!!

g =3 % n

ps = (sumvel — real(g) x bolz x temp) / ¢
I initial accelerations ,second and third derivatives

doi =1, n

atoms (1 )%ax = atoms(i)%fx / molwt(atoms(i)%kind)
atoms (1 )%ay = atoms(1)%fy / molwt(atoms(i)%kind)
atoms (i)%az = atoms(i)%fz / molwt(atoms(i)%kind)
atoms (i)%bx = 0.0
atoms (i)%bz = 0.0
atoms(i)%by = 0.0
atoms(i)%cx = 0.0
atoms (1)%cy = 0.0
atoms (i)%cz = 0.0

end do

write (5,1) "tottime", "poten", "kinetic", "toten", "temp", "pressure",

(cont.) "hamilton", "volume", "diffusion"
1 format(10x, a7, 8a25)
'l MD Loop

rererrrttt ——— equilibration ————— rrrrrrrrn
do tstep = 1, scalestep
!l Select the appropriate integration routine

' Un comment only one of the following , for the desired ensemble ,

lcall predict(tstp) !! Uncomment this for Gear 5 value

lcall verletl (tstp) !! Uncomment this for non—reversible Nose—Hoover
(cont.) Thermostat

lcall wverll (tstp) 'l Uncomment this for traditional wvelocity
(cont.) Verlet

lcall andersl () !l Uncomment this for Andersen pressure control

call nhl(tstp) !l Uncomment this for reversible Nose—Hoover
(cont.) Thermostat

Ipbe

doi =1, n

if (atoms(i)%x .1t. 0.0) then
atoms (1)%x = atoms(i)%x + boxsize x
else if (atoms(i)%x .gt. boxsize x) then
atoms (1)%x = atomb(l)%x — boxsize x
end if
!'! Uncomment the following lines for PBC in y — direction

'if (atoms(i)%y .1t. 0.0)then
latoms (i )%y = atoms(i)%y + boxsize y
lelse if (atoms(i)%y .gt. boxsize_y) then
latoms (i )%y = atoms(i)%y — boxsize y

lend if
if (atoms(i)%z .1t. 0.0) then
atoms (i)%z = atoms(i)%z + boxsize z
else if (atoms(i)%z .gt. boxsize z) then
atoms (1)%z = atoms(i)%z — boxsize z
end if
end do

call forceeval (np,rcut ,boxsize x ,boxsize y ,boxsize z)

!l Select the appropriate integration routine

'l Uncomment only the corrector step of the previously selected
(cont.) integrator .
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call nh2(tstp) !l Uncomment this for reversible Nose—Hoover
(cont.) Thermostat

lcall anders2 () !l Uncomment this for Andersen pressure control
lcall verlet2 (tstp) !! Uncomment this for non—reversible Nose—
(cont.) Hoover Thermostat
lcall correct(tstp) !! Uncomment this for Gear 5 value
l'call berendsen () !l Uncomment this for Berendsen pressure
(cont.) control
lcall verl2 (tstp) Il Uncomment this for traditional velocity

(cont.) Verlet
tottime=counterxtstp

lcall velscale () !l Uncomment this for temperature control by
(cont.) velocity scaling
sumvel = 0.0
do i = 1,n
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms (i)%vz
(cont.) *%2) *molwt (atoms (1 )%kind)
end do

'l Uncomment the following in a pressure controlled simulation
!'boxsize x volume * bxr

!boxsize y = volume x byr
!boxsize z = volume * bzr
! calculate properties
totkin = 0.5 % sumvel
counter = counter + 1
tempdum = (sumvel) / (3 % real(n) x bolz)
pressure = ((n * bolz * tempdum) + (1 / 3) % totw) / volume
sump = sump + pressure
pavr = sump / counter

totei = tote / ( n + nwall )
totkini = totkin / ( n + nwall )
hamilton = tote 4+ totkin + ( ps*x2 % q) / (2.0) + real(g) * tempdum
(cont.) * bolz * s
write (*,2) tstep, tempdum, tote + totkin, hamilton
2 format (i8 ,3es13.5)
'l update Linked list
call new nlist ()
'l Write the properties to a file
if (enunit .eq. 1) then
write(5,15) tottime, totei, totkini, totei + totkini + encorr,
(cont.) tempdum , pressure , hamilton, volume
15 format(1lx, 8es25.17)
endif
if (enunit .eq. 0)then
write(5,16) tottime, totei, totkini, totei + totkini + encorr,
(cont.) tempdum , pressure , hamilton, volume
16 format(lx, 8es25.17)
endif

'l write the positions , velocities , accelerations and vacancy
(cont.) positions at intervals

if (ivac .gt. 0) then
if (mod(tstep, ivac) .eq. 0) then
write (8, %) nvac

write (8, ) "vacancy, positions: ", "at_ step=,", tstep,", time=,",
(cont.) tottime ," fs"
do i =n + nwall + 1, n + nwall + nvac

write (8, 14) atoms(i)%x, atoms(i)%y, atoms(i)%z
14 format(1lx, 3f20.10)
enddo
endif
endif
'l Write the force on the atoms at intervals
if (iforce .gt. 0) then
if (mod(tstep, iforce) .eq. 0) then
write (7, ) "forces,", "atustep=.", tstep,",time=_",tottime ," fs
(cont.) "
do i = 1,n + nwall + nvac
write (7, 13) atoms(i)%fx, atoms(i)%fy, atoms(i)%fz, atoms(i)%
(cont.) elfx , atoms(i)%elfy , atoms(i)%elfz
13 format(1lx,6esl15.7)
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enddo

endif
endif
'l write the trajectory of atoms to .xyz file
if (imovie .gt. 0) then
if (mod(tstep, imovie) .eq. 0) then
write (15, %) n + nwall
write (15, %) 'md step ’, tstep
do i =1, n + nwall
write (15, ’(i3,3f10.4)’) atoms(i)%kind, atoms(i)%x,atoms(i)%y,
(cont.) atoms(i)%z
enddo
endif
endif
end do
rerrrtt ——— production ————— rrrrrrrrnd
!'store initial positions for MSD calculations

do i =1, n

atoms (1)%x0 = atoms (1 )%x
atoms (1)%y0 = atoms (1i)%y
atoms (1)%z0 = atoms (1)%z
end do
do tstep = scalestep + 1, totstep
'l store first positions for msd
do i =1, n
atoms (1 )%xb = atoms (1 )%x
atoms (1 )%yb = atoms(i)%y
atoms (1)%zb = atoms(i)%z
enddo
call nhl(tstp) !'! Uncomment this forreversible Nose—Hoover
(cont.) Thermostat
lcall predict(tstp) !! Uncomment this for Gear 5 value
lcall verletl (tstp) I'l' Uncomment this for non—reversible Nose—
(cont.) Hoover Thermostat
lcall wverll (tstp) 'l Uncomment this for traditional velocity
(cont.) Verlet
! pbc
do i =1, n
if (atoms(i)%x .lt. 0.0) then
atoms (1)%x = atoms(i)%x + boxsize x
else if (atoms(i)%x .gt. boxsize x) then
atoms (1)%x = atoms(l)%x — boxsize x
end if
!'! Uncomment the following lines for PBC in y— direction
l'if (atoms(i)%y .1t. 0.0)then
latoms (1 )%y = atoms(i)%y + boxsize y
lelse if (atoms(i)%y .gt. boxsize_y) then
latoms (1 )%y = atoms( Y%y — boxsize y
lend if
if (atoms(i)%z .1t. 0.0) then
atoms (1)%z = atoms(i)%z + boxsize z
else if (atoms(i)%z .gt. boxsize z) then
atoms (1 )%z = atoms(l)%z — boxsize z
end if
end do
'l Evaluate Forces and calculate energy

call forceeval(n
if (mod(tstep
'l Find vaacanc
call findvac ()
'l add electrom
call elmig()
end if
'I'' EM force
do i , n
atoms (1 )%fx
atoms (1 )%fy
atoms (1)%fz

p,rcut ,boxsize x,boxsize y ,boxsize

_7)

,ielmigstep )==0) then

ies

igration force !!!!!

to MD force

atoms (1)%fx + atoms(i)%elfx
atoms (1 )%fy + atoms(i)%elfy
atoms (1)%fz + atoms(i)%elfz

end do ) ) ) .
'l Select the appropriate integration routine
'l Uncomment only the corrector step of the previously selected
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(cont.) integrator .

call nh2(tstp) !'l Uncomment this for non—reversible Nose—
(cont.) Hoover Thermostat

lcall verlet2 (tstp) !! Uncomment this for non—reversible Nose—
(cont.) Hoover Thermostat

lcall correct (tstp) 'l Uncomment this for Gear 5 value

lcall verl2(tstp) !l Uncomment this for traditional velocity
(cont.) Verlet

tottime = counter x tstp

if (imsd .ne. 0) then
if (mod(tstep ,imsd) .eq. 0) then
msd = 0.0
'l rewind pbc for msd calculation
do i =1, n
atoms (1)%xp = atoms(i)%x + dnint ((atoms(i)%xb — atoms(i)%x) /
(cont.) boxsize x) % boxsize x
atoms (1 )%yp = atoms(i)%y + dnint ((atoms(i)%yb — atoms(i)%y) /
(cont.) boxsize y) % boxsize y
atoms (1)%zp = atoms(i)%z + dnint ((atoms(i)%zb — atoms(i)%z) /
(cont.) boxsize z) * boxsize z
enddo
'l MSD calculation
do i=msdstart ,msdend
rp=dsqrt (atoms (i )%xp*+2 + atoms (1 )%yp*+2 + atoms (i)%zp**2)
r0=dsqrt (atoms (i)%x0xx2 + atoms(1)%y0*+2 + atoms(1i)%z0xx2)
msd=msd + (rp—r0) **2
enddo
msd = msd / real(msdend—msdstart+1)
write (4,7(f20.13,1x,es25.17) ) real((tstep — (scalestep+imsd)))x
(cont.) tstp , msd

endif
endif
sumvel = 0.0
doi =1, n
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms(i)%vz
(cont.) *x2) x molwt (atoms(i)%kind)
end do
! calculate properties
totkin = 0.5 % sumvel
counter = counter + 1
tempdum = (sumvel) / (3 % real(n) * bolz)
pressure = ((n * bolz * tempdum) + (1/3) % totw) / volume
sump = sump + pressure
pavr = sump / counter

totei = tote / ( n 4+ nwall )
totkini = totkin / ( n + nwall )
hamilton = tote + totkin + ( ps*x2 % q) / (2.0) + real(g) * tempdum
(cont.) ¥ bolz % s
write (x, 3) tstep, tempdum, tote, hamilton
3 format (i8, 3esl3.5)
'l Update neighbor list
call new nlist()
if (enunit .eq. 1) then
write (5, 18) tottime, totei, totkini, totei + totkini 4+ encorr,
(cont.)tempdum, pressure , hamilton, volume, msd
18 format(lx, 9es25.17)
endif
if (enunit .eq. 0)then
write (5, 19) tottime, totei, totkini, totei + totkini + encorr,
(cont.) tempdum , pressure, hamilton, volume, msd
19 format(1x,9es25.17)
endif
'l write the positions , velocities , accelerations and vacancy
(cont.) positions at intervals
if (iconf .gt. 0) then
if (mod(tstep, iconf) .eq. 0) then
write (9, x) tstep
doi =1, n
write (9, 21) atoms(i)%x, atoms(i)%y, atoms(i)%z, atoms(i)%vx,
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(cont.) atoms (1)%vy, atoms (i)%vz
21 format(1lx, 6esl5.7)
end do
endif
endif
if (iforce .gt. 0) then
if (mod(tstep, iforce) .eq. 0) then
write (7, ) "forces,", "atustep=.", tstep, "_time=,"
(cont.) fs"
do i = 1, n + nvac + nwall

tottime , "

write (7, 24) atoms(i)%fx, atoms(i)%fy, atoms(i)%fz, atoms(i)%

(cont.) elfx , atoms(i)%elfy , atoms(i)%elfz
24 format(1x,6es15.7)

enddo
endif
endif

if (ivac .gt. 0) then

(mod(tstep, ivac) .eq. 0) then
write (8, *) nvac
write (8, x) "vacancy,positions: ", "at_ step=.", tstep,
(cont.) tottime ,"Hfs"
do i = n + nwall + 1, n + nvac + nwall

write (8, 22) atoms(i)%x, atoms(i)%y, atoms(i)%z
22 format(1lx, 3f20.10)

enddo
endif
endif

'l write the trajectory of atoms to .xyz file
if (imovie .gt.0 ) then
if (mod(tstep, imovie) .eq. 0) then
write (15, *) n + nwall
write (15, %) ’'md step ’, tstep
do i =1, n + nwall

write (15, ’(i3,3f10.4)’) atoms(i)%kind, atoms(i)%x,

(cont.) , atoms (1)%z
enddo
endif
endif
enddo

if (iconf .gt. 0) close(9)

if (imsd .gt. 0) close(4)

if (iforce .gt. 0) close(7)

if (ivac .gt. 0) close(8)

if (imovie .gt. 0) close(15)

'l Calculate velocity autocorrelation function

call vacf(controlfile, totstep, scalestep, tstp, n, iconf)
elapsedtime = timef ()

write(x, *) "total elapsed time is: ", elapsedtime
write (5, %) "total elapsed time is:", elapsedtime, " secs."
close (5)

end program md

'l This routine opens output files
subroutine open output(namel, ic, iv
integer ic, iv, ifrc, ims, imov
character namelx*(x)

, ifrc, ims, imov)

character (len = len trim (namel)) name2
name2 = trim (namel)
open(unit = 5, file = name2//".out")
if (ic .gt. 0) open(unit = 9, file = name2//".con")
if (iv .gt. 0) open(unit = 8, file = name2//".vac")

if (ifrc .gt. 0) open(unit = 7, file = name2//".elf")
if (ims .gt. 0) open(unit = 4, file = name2//".msd")
if (imov .gt. 0) open(unit = 15, file name2//" . xyz")

end subroutine open_ output

'l Read input data

subroutine read_control (namel)

use vardecs
use commondefs
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integer i
character namelx* (%), namex22

character(len = len trim (namel)) name?2
integer npot, pottype, atl, at2, bit
name2 = trim (namel)
open(unit = 10, file = name2)
open(unit = 11, file = ’fcc.txt’)
read (10, %) n, nvac, nwall
read (10, =) ntype
read (10, =) totstep, scalestep, scaleint
read (10, =) deltat
read (10, *) tol
read (10, *) msdstart, msdend
read (10, =) temp
read (10, *) g
read (10, =) iconf, ivac, iforce, imsd, imovie, ielmigstep
read (10, =) enunit
read (10, =*) a, boxsize x, boxsize y, boxsize z, rcut
read (10, %) (molwt(i), i = 1, ntype)
do i = 1, ntype
read (10, ) atno(i), conc(i)
enddo

read (10, *) vdd(1), vdd(2), vdd(3)
allocate (atoms(n + nvac + nwall + 150))
allocate (ions(n + nvac + nwall + 150))
do i =1, 50
pairtype (i)%pot = 0
enddo
read (10, =) npot
do i = 1,npot
read (10, %) pottype
select case (pottype)
case (1) !1j
read (10, %) atl, at2, ljpot(i)%eps, ljpot(i)%sigma
bit = 2xxatl + 2x*xat2
pairtype(bit )%index = i
pairtype (bit)%pot = 1
case(2) ! fourier potential
read (10, =) atl, at2, fourierpot(i)%a, fourierpot (i)%b,
(cont.) fourierpot (i)%c, fourierpot (i)%d, fourierpot (i)%e, fourierpot (i)%f,
(cont.) fourierpot (i)%g, fourierpot (i)%h, fourierpot (i)%ix, fourierpot (i)%jx
(cont.) , fourierpot (i)%kx, fourierpot (i)%lx, fourierpot (i)%mx, fourierpot (i
(cont.) )%rmin, fourierpot (i)%rmax, fourierpot (i)%eps, fourierpot (i)%sigma
bit=2%*atl + 2x*xat2
pairtype (bit)%index = i
pairtype (bit)%pot = 2
end select

enddo

nbox x = int (boxsize x / a)

nbox_y = int (boxsize y / a)

nbox z = int(boxsize z / a)

nperf = nbox_ x * nbox_ y * nbox_z % 4
! read atomic coordinates

do i = 1,n 4+ nvac + nwall

read (10,10) atoms(i)%kind, atoms(i)%x, atoms(i)%y, atoms(i)%z
10 format(i2, 1x, 20.17, 4x, £20.17, 4x, £20.17)

end do

allocate (xini(nperf), yini(nperf), zini(nperf))

close(11)

ncellx = int(boxsize x / rcut / 1.01)

ncelly = int(boxsize y /rcut / 1.01)

ncellz = int (boxsize _z / rcut / 1.01)

cell factorx = ncellx / boxsize x
cell factory = ncelly / boxsize y
cell factorz = ncellz / boxsize z

call new nlist ()
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call neighbour cells ()
end subroutine read control

'l This routine gives initial velocities to atoms
subroutine initvel (temper)

use commondefs

use vardecs

real rtemp, sumx, sumy, sumz

real gauss, dummy,temper,scale ,sumvel2

real aheat2

integer i

dummy = 0.5
rtemp = dsqrt (temper)
aheat2 = real(n) * 3.0 % bolz x temper
do i =1, n
atoms(i)%vx = rtemp * gauss (dummy)
atoms(i)%vy = rtemp * gauss (dummy)
atoms(i)%vz = rtemp * gauss (dummy)
end do
sumx = 0.0
sumy = 0.0
sumz = 0.0
doi =1, n
sumx = sumx + atoms (1i)%vx
sumy = sumy + atoms(i)%vy
sumz = sumz + atoms(i)%vz
end do
sumx = sumx / real (n)
sumy = sumy / real (n)
sumz = sumz / real (n)
doi=1,n
atoms (1 )%vx = atoms(i)%vx — sumx
atoms (1 )%vy = atoms(i)%vy — sumy
atoms (1)%vz = atoms(i)%vz — sumz
end do
sumyvel2 = 0.0
do i = 1,n
sumvel2 = sumvel2 + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms(i)%vz
(cont.) *x2) *xmolwt (atoms (i )%kind)
end do
scale = dsqrt(aheat2 / sumvel2)
sumvel = 0.0
do i =1, np
atoms (i)%vx = atoms(i)%vx x scale
atoms (1 )%vy = atoms(i)%vy x scale
atoms (i)%vz = atoms(i)%vz x scale

sumvel=sumvel + (atoms(i)%vx*%2 + atoms(1)%vy**2 + atoms(i)%vz*%2) x*

(cont.) molwt (atoms (i)%kind)

end do
return
end subroutine initvel
'l This function gives a random number in Gaussian distribution
real function gauss (dummy)
real al, a3, ab, a7, a9
parameter (al = 3.949846138, a3 0.252408784)
parameter (a5 = 0.076542912, a7 = 0.008355968)
parameter (a9 = 0.029899776)
real sum, r, r2
real ranf, dummy
integer i

sum = 0.0
do i =1, 12

sum = sum + ranf(dummy)
enddo
r = (sum — 6.0) / 4.0
r2 =71 % T

gauss = ((((a9 * r2 4+ a7) * r2 + ab) % r2 4+ a3) * r2 +al)xr
return
end function gauss

'l This function generates a random number
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real function ranf (dummy)
integer 1, ¢, m
parameter (1 = 1029, ¢
integer seed
real dummy
save seed
data seed / 0 /
seed = mod (seed * 1 + ¢, m)
ranf = real (seed) / m
return

end function ranf
'l Reversible Nose—Hoover thermostat with velocity Verlet predictor step

subroutine nhl(dt)

use vardecs
use commondefs
real dt, dtsq2, dt2, sumvel2

integer i

221591, m = 1048576)

dt2 = dt / 2.0
dtsq2 = dt = dt2
sumvel2 = 0.0
do i =1, n
sumvel2 = sumvel2 + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms(i)%vz
(cont.) *x2) x molwt (atoms(i)%kind)
end do

ps = ps + (sumvel2 — real(g) % bolz x temp) * dt2 / q

do i = 1,n
atoms (1)%vx = atoms(i)%vx x dexp(—ps * dt2)+ (atoms(i)%fx / molwt(
(cont.) atoms (1)%kind)) * dt2
atoms (1)%vy = atoms(i)%vy % dexp(—ps * dt2)+ (atoms(i)%fy / molwt(
(cont.) atoms( i )%kind) ) * dt2
atoms (1)%vz = atoms(i)%vz x dexp(—ps * dt2)+ (atoms(i)%fz / molwt(
(cont.) atoms (1 )%kind)) * dt2
atoms (1)%x = atoms(i)%x + dt % atoms(i)%vx
atoms (1)%y = atoms(i)%y + dt % atoms(i)%vy
atoms (1)%z = atoms(i)%z + dt % atoms(i)%vz
end do

end subroutine nhl
!l Reversible Nose—Hoover thermostat with velocity Verlet predictor step

subroutine nh2(dt)

use vardecs
use commondefs
real dt, dt2, sumvel2

integer i
dt2 = dt / 2.0
sumvel2 = 0.0
totkin = 0.0
doi=1,n
atoms (1)%vx = (atoms(i)%vx + (atoms(i)%fx / molwt(atoms(i)%kind)) x*
(cont.) dt2) * dexp(—ps x dt2)
atoms (1)%vy = (atoms(i)%vy + (atoms(i)%fy / molwt(atoms(i)%kind)) =
(cont.) dt2) * dexp(fps * dt?)
atoms (1)%vz = (atoms(i)%vz + (atoms(i)%fz / molwt(atoms(i)%kind)) x*
(cont.) dt2) * dexp(—ps * dt2)

sumvel2 = sumvel2 + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms(i)%vz
(cont.) *x2) x molwt (atoms(i)%kind)
end do

ps = ps + (sumvel2—real(g)* bolz * temp) * dt2 / q
end subroutine nh2
I'l' This routine calculates the forces from of the interatomic potential
(cont.) defined on atoms in MD
subroutine forceeval (npart, rcut2, box x, box y, box z)
use vardecs
use commondefs
real rcut2, box x, box y, box z, rcutsq2, box x2, box y2, box z2, xr, yr

(cont.) , zr , xi , yi, zi
real, external:: forcefunc, potfunc, lennardforce, lennardenergy
integer ,external :: find cell

real rxij, ryij, rzij, rijsq, rijsqrt
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real fij , rp
integer npar

1, fxij,
t, bit, i, j,

fyij,
ic ,

fzij

inn, in

tote = 0.0
totw = 0.0
rcutsq2 = rcut2xx*2
box_ x2 = box_x / 2
box_ y2 = box_y / 2
box_zQ = box_z / 2
do i = 1, npart + nwall
atoms (i)%fx = 0.0
atoms (1)%fy = 0.0
atoms (i)%fz = 0.0
end do
do i = 1, npart + nwall — 1
xi = atoms(i)%x
yi = atoms(i)%y
zi = atoms (1)%z
ic = find _cell (atoms(1)%x,
do inn = int(ic * 27 + 1),
in = n_ v list(inn)
j = head chain(in)
do while (j /= 0)
if ((j /= i) .and.

(j > 14+ 1)) then

bit = 2xxatoms(i)%kind + 2sxxatoms(j)%kind
if (pairtype(bit)%pot == 0) then
j = linked list(j)
cycle
endif
rxij = xi — atoms(j)%x
ryij = yi — atoms(j)%y
rzij = zi — atoms(j)%z
! Minimum image convention
xr = abs(rxij)
yr = abs(ryij)
zr = abs(rzij)
if (xr .gt. box x2) rxij = (xr — box_x) =*
if (yr .gt. box_y2) ryij = (yr — box_y) =*
if (zr .gt. box_z2) rzij = (zr — box_z) x
rijsq = (rxij = rxij) + (ryij * ryij) + (

rijsqrt = dsqrt(rijsq)

if

(rijsq .lt. rcutsq2)then
select case(pairtype(bit)%pot)
case (1)
fij = lennardforce(rijsqrt
tote =
case (2)
fij = forcefunc(rijsqrt

end select

rpl = fij * rijsqrt
fxij = fij % rxij / rijsqrt
fyij = fij * ryij / rijsqrt
fzij = fij = rzij / rijsqrt
atoms (1)%fx = atoms(i)%fx +
atoms (j )%fx = atoms(j)%fx —
atoms (1)%fy = atoms(i)%fy +
atoms (j )%fy = atoms(j)%fy —
atoms (1)%fz = atoms(i)%fz +
atoms (j )%fz = atoms(j)%fz —
totw = totw + rpl
end if
endif
j = linked list ()
enddo
end do
end do

return
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end subroutine forceeval
'l This function calculates potential energy by Fourier series
function potfunc(rij, bit)
use vardecs
real potfunc
real rij, rx
integer bit
rx = pi % (rij — fourierpot(pairtype(bit)%index)%rmin) / (fourierpot (
(cont.) pairtype (bit )%index )%rmax — fourierpot (pairtype (bit)%index )%rmin)
potfunc = fourierpot (pairtype(bit)%index)%a + fourierpot (pairtype(bit)
(cont.)%index )%b % cos(rx) + fourierpot (pairtype(bit)%index)%c * sin(rx) +
(cont.) fourierpot (pairtype (bit)%index)%d * cos (2.0 * rx) + fourierpot(
(cont.) pairtype (bit )%index)%e % sin (2.0 % rx) + fourierpot (pairtype(bit)%
(cont.) index )%f * cos (3.0 * rx) + fourierpot(pairtype(bit)%index)%g * sin
(cont.) (3.0 * rx) + fourierpot(pairtype(bit)%index)%h * cos (4.0 * rx) +
(cont.) fourierpot (pairtype (bit)%index)%ix * sin (4.0 % rx) + fourierpot (
(cont.) pairtype (bit )%index )%jx % cos (5.0 % rx) + fourierpot (pairtype(bit)%
(cont.) index )%kx % sin (5.0 % rx) + fourierpot (pairtype(bit)%index)%lx * cos
(cont.) (6.0 * rx) + fourierpot(pairtype(bit)%index)%mx * sin (6.0 xrx)
return
end function potfunc

'l This function calculates the force by Fourier series

function forcefunc(rij2, bit)

use vardecs

real forcefunc

real rij2, y, ry

integer bit

ry = pi % (rij2 — fourierpot(pairtype(bit)%index)%rmin) / (fourierpot (
(cont.) pairtype (bit )%index )%rmax — fourierpot (pairtype(bit)%index )%rmin)

y = pi / (fourierpot(pairtype(bit)%index)%rmax — fourierpot (pairtype(bit
(cont.) )Jindex )%rmin )

forcefunc = fourierpot (pairtype(bit)%index)%b * sin(ry) * y —
(cont.) fourierpot(pairtype(blt)%lndex)%c * cos(ry) = y + 2.0 % fourierpot (
(cont.) pairtype (bit )%index )%d % sin (2.0 * ry) %= y — 2.0 * fourierpot(
(cout.)pairtype(bit)%index)%e * cos (2.0 x ry) *x y + 3.0 x fourierpot(
(cont.) pairtype (bit )%index )%f % sin (3.0 * ry) = y — 3.0 * fourierpot(
(com,,)pairtype(bit)%index)%g * cos (3.0 x ry) =y + 4.0 x fourierpot(
(cont.) pairtype (bit )%index )%h * sin (4.0 * ry) * y — 4.0 * fourierpot(
(cont.) pairtype (bit )%index )%ix * cos (4.0 * ry) %= y + 5.0 *x fourierpot(
(cont.) pairtype (bit )%index )%jx * sin (5.0 % ry) * y — 5.0 % fourierpot (
(cont.) pairtype (bit )%index )%kx % cos (5.0 * ry) = y + 6.0 * fourierpot(
(cont.) pairtype (bit )%index )%lx % sin (6.0 * ry) = y — 6.0 * fourierpot(
(cont.) pairtype (bit )%index )%mx % cos (6.0 * ry) * y

return

end function forcefunc

'l Calculate forces if Lennard—Jones potential is wused

function lennardforce(rij3 , bit)

use vardecs

integer bit

real lennardforce, rij3

lennardforce = 24 x ljpot(pairtype(bit)%index)%eps * (2 x (ljpot(

(cont.) pairtype (bit )%index )%sigma**12 / rij3xx13) — (ljpot (pairtype(bit)%
(cont.) index )%sigmax**6 / 1ij3 xx7))

return

end function lennardforce

'l This function calculates the potential energy if Lennard—Joned

(cont.) potential is used

function lennardenergy (rij ,bit)

use vardecs

integer bit

real lennardenergy,rij

lennardenergy = 4 * ljpot(pairtype(bit)%index)%eps *((ljpot(pairtype(bit
(cont.) )%index )%sigma / 1ij)**12 — (ljpot(pairtype(bit)%index)%sigma / rij)
(cont.) %6 )

return

end function lennardenergy

'l This routine finds the cell of atom in linked list

integer function find cell(ionx, iony, ionz)
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use commondefs )
real ionx, iony, ionz

integer ix, iy, iz

ix = int (ionx * cell factorx)
iy = int (iony * cell factory)
iz = int (ionz * cell factorz)
find cell = ix + iy * ncellx + iz * ncellx % ncelly

end function find cell

'l Linked list

subroutine neighbour cells ()

use commondefs

integer ix, iy, iz, ic, in, itel, icx, icy, icz, iccx, iccy, iccz

do ic = 0, ncellx * ncelly % ncellz — 1
itel =0
icz = ic / (ncellx % ncelly)
icy = (ic — icz * ncellx % ncelly) / ncellx
icx = (ic — icy #* ncellx — icz * ncellx * ncelly)
do iz = —1, 1
iccz = icz + iz

if (iccz < 0) then
iccz=iccz+ncellz
else if (iccz >= ncellz) then

iccz = iccz — ncellz
endif
do iy = —1, 1

iccy = icy + iy
if (iccy < 0) then
iccy = iccy + ncelly
else if (iccy >= ncelly) then

iccy = iccy — ncelly
endif
do ix = -1, 1

iccx=icx+ix
if (iccx < 0) then

iccx = icex + ncellx
else if (iccx >= ncellx) then
iccx = icecx — ncellx
endif
in = (iccx + iccy #* ncellx + iccz * ncellx % ncelly)

itel = itel + 1
n_v list(int(ic % 27 + itel)) = in
enddo
enddo
enddo
enddo
end subroutine neighbour cells
'l This routine construct linked list
subroutine new nlist ()
use commondefs
integer 1, ic

integer, external :: find cell
do ic = 0, ncellx * ncelly % ncellz — 1
head chain(ic) = 0
enddo

do i =1, n + nwall
ic = find cell (atoms(i)%x, atoms(i)%y, atoms(i)%z)
linked list(i) = head chain(ic)
head chain(ic) = i
enddo
end subroutine new nlist
'l This routine is the initialization part of the electromigration
(cont.) program
subroutine init ()

use defs
use commondefs
integer 1i,j

vd = dsqrt (vdd (1) **2 + vdd(2)**2 + vdd(3) *%2)
vddir (1) = vdd(1) / vd

vddir (2) = vdd(2) / vd

vddir (3) = vdd(3) / vd

do i = 1, ntype
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do j = 1, 56
if (atno(i) .eq. el(j)%atno) sp(i) = el(j)
enddo
enddo
box x = boxsize _x / 0.529177
box y boxsize y / 0.529177
box_z = boxsize_z / 0.529177

cutoff = rcut / 0.529177

do i =1, n + nvac + nwall

ions (1)%x = atoms(i)%x / 0.529177249
ions (i)%y = atoms(i)%y / 0.529177249
ions (1)%z = atoms(i)%z / 0.529177249
ions (1)%kind = atoms(i)%kind

enddo

close (6)

omave = 0.0

zave = 0.0

mave = 0.0

do i= 1, ntype
omave = omave + conc(i) * sp(i)%om

zave = zave + conc (i) * sp(i)%z
mave = mave + conc (i) * sp(i)%m
enddo
mave = 1.0
kf = (3 % pi * pi * zave / omave)x*%0.33333333333333
vf = kf / mave
ef = kf = kf / 2 / mave
rs = mave * (3.0 % omave / 4.0 / pi / zave)x%x0.33333333333333
ksi = 2.0 / (1.0 + 0.02544716775 * rs)
do i= 1, n + nwall
atoms (i)%elfx = 0.0
atoms (i)%elfy = 0.0
atoms (i)%elfz = 0.0
enddo

end
'l This function calculates the cosine of the angle between vd and Rj—Rm
real function coss(rx, ry, rz)
use defs
real rx, ry, rz
coss = rx / rr % vddir(l) + ry / rr % vddir(2) + rz / rr *x vddir(3)
end function coss
'l This function calculates the dot product of vd and Rj
real function dotproduct(ii, var)
use defs
use commondefs
real var
integer ii

if (ii .eq. 1) dotproduct = vdd(1) x var 4+ vdd(2) * y + vdd(3) % z
if (ii .eq. 2) dotproduct = vdd (1) * x + vdd(2) * var + vdd(3) * z
if (ii .eq. 3) dotproduct = vdd (1) % x + vdd(2) * y + vdd(3) * var

end function dotproduct

I'l' This function calculates the spherical Bessel function
real function bessel(q)
use defs
real xx, q
XX = ( % T
bessel = sin(xx) / xx / xx — cos(xx) / xx
end function bessel
I'l' This function is used for the integration in the force calculation
real function integrantl (q)
use defs
use commondefs
real wi, wj, q
real , external :: w, bessel
wj = w(sp(ions(force j)%kind) ,q)
if (ions(force i)%kind .l1t. 0)then
wi = w(sp (1))
else
wi = w(sp(ions(force i)%kind) ,q)
endif
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integrantl = wj * wi * q * q * bessel(q)
end function integrantl
real function integrant2(q)
use defs
use commondefs
real wj, wi, q
real, external :: w
wj = w(sp(ions(force j)%kind) ,q)
wi = w(sp(1),q)
integrant2 = wj *x (wj — wi) * q * q * q
end function integrant2
real function integrant3(q)
use defs
use commondefs
real wi, wj, q
real, external :: w, bessel
wi = w(sp(1),q)
wj = w(sp(ions(force_ j)%kind) ,q)
integrant3 = wi * wj * q * q * bessel(q)
end function integrant3
'l This is the integration routine with Gauss quadrature method
real function integrate(integrant)

use defs
real a, b, epsabs, epsrel, result, abserr
integer key, neval, ier

real ,external:: integrant
external qag
a = 0.00001
b=2.0 % kf — 0.00001
epsabs = 0.0
epsrel = 0.001
key = 3

call qag(integrant, a, b, epsabs, epsrel, key, result, abserr, neval,
(cont.)ier)
integrate = result
end function integrate
'l This function calculates the potential used in EM force calculation
real function uu_s(ii,var)
use defs
use commondefs
real, external :: coss, dotproduct, integrantl , integrant2 , integrant3,
(cont.) integrate
real t1, terml, term2, term3, uu, var, rx, ry, Iz
integer ii

t1 = —omavex*2 % mave * kf / 4.0 / pi*x3
uu = 0.0
do force i =1, n 4+ nvac + nwall
if (ions(force_1i)%kind .ne. 1) then
rx = ions(force 1i)%x — x
ry = ions(force i)%y — y
rz = ions (force 1)%z — z
if (ii .eq. 1) rx = ions(force i)%x — var
if (ii .eq. 2) ry = ions(force_ 1i)%y — var
if (ii .eq. 3) rz = ions(force_i)%z — var
xr = dabs(rx)
yr = dabs(ry)
zr = dabs(rz)

if (xr .gt. box x / 2) rx = (xr — box_x) * dsign (1.0, rx)

if (yr .gt. box_y / 2) ry = (yr — box_y) % dsign(1.0, ry)
if (zr .gt. box z / 2) rz = (zr — box_z) % dsign(1.0, rz)
rr = dsqrt(rx % rx + ry % ry + rz % rz)
if (rr <= cutoff) then

if (force i .ne. force j) then
terml = t1 % vd / vf % coss(—rx, —ry, —rz) * integrate (
(cont.) integrantl)
if (ions(force i)%kind .1t. 0) then
uu = uu — terml
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else

uu = uu + terml
endif
if (ions(force_i)%kind .gt. 1)
term3 = t1 % vd / vf % coss(—
(cont.) integrant3)
uu = uu — term3
endif
else
term2 = t1 / 3.0 % dotproduct(
(cont.) integrant?2)
uu = uu + term?2
endif
endif
endif
enddo
uu_ S = uu

end function uu_s
!'l' This is the main EM force
subroutine elmig ()

use defs

use commondefs
real error
real , external

include ’data.h’
'l All units in EM force
call init

do force j 1, n
X ions (force j)%x
y ions (force j)%y
z ions (force j)%z
atoms (force j)%elfx
(cont.) convert to eV /A
atoms (force j)%elfy
atoms (force j)%elfz
enddo
end subroutine elmig
'l This function calculates
real function bofq(ele, q)
use defs

routine

dfridr , init

uu_s,

is in a.u.

—dfridr (1, x,

—dfridr (2, y,
—dfridr (3, z,

real q, qrm, qrc, tl, t2, t3, t4d, t5, t6
type (elements) ele

qgrm = q * ele%rm

qrc = q * ele%rc

t1 = pi / omave / q / q

t2 = 8.0 x t1 % ele%c / q

t3 = sin(qrm) — qrm * cos(qrm)

td = 8.0 x t1 x ele%z x cos(qrm)

t5 = 4.0 x t1 % ele%ec / q

t6 = 24.0 * t1 * ele%z * ele%alf / qrc

t7 = sin(qrc) — qre x cos(qre)

bofq =t2 % t3 — t4 + (t5 — t6) * t7
end function bofq

then
rx, —ry, —rz) * integrate(

ii ,var) / vf x integrate(

0.2, error) % 51.42210754 !

error) % 51.42210754

0.2,
0.2, error) % 51.42210754

Heine—Abarenkov—Aniamalu psp N(q)

7

/ qrc / qrc

'l This function calculates Heine—Abarenkov—Aniamalu psp N(q)
real function nofq(ele, q)
use defs
real q, t1, t2, t3, t4, xx, yy, cost, costp
real jOx, jlx, j2x, j3x, jOy, ily, jdy, i3y
type (elements) ele
t1 = pi * ele%rm x eleam * ele%am / omave
xx = kf % ele%rm
jOx = sin(xx) / xx
jlx = sin(xx) / xx / xx — cos(xx) / xx
j2x = 3.0 / xx % jlx — jOx
j3x = 5.0 / xx % j2x — jlx
if ((q — 2 % kf) .le. 0.0) then
cost = (1.0 — q x q / 2.0 / kf / kf)
t2 = —4.00 % t1 * (ele%ald — ele%c) * (jOx * jOx — jlx % cos(xx)/xx)
t3 = —12.0 % t1 * (ele%al — ele%c) = (jlx * jlx — jOx = j2x) % cost
t4 = —20.0 % t1 x (ele%a2 — ele%c) * (j2x * j2x — jlx * j3x) * (3.0
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(cont.) ¥ cost * cost — 1) / 2.0

else
yy = (q — kf) * ele%m
joy = sin(yy) / vy
jly = sin(yy) / vy / yy — cos(yy) / vyy
j2y = 3.0 / yy * jly — jOy

i3y = 5.0 / yy * j2y — jly

costp = (xx * xx + yy * yy — (q * ele%m)x%x2) / 2 / xx / yy

t2 = —8.00 % t1 * (ele%ald — ele%c) / (xx * xx — yy * yy) * (xx % jlx
(cont.) _]Oy — yy * _]ly * JOX)

t3= —24.0 % t1 * (ele%al — ele%c) / (xx % xx — yy * yy) * (xx % j2x
(cont)* jly — yy * j2y = jlx) = costp

t4d = —40.0 * t1 % (ele%a2 — ele%c) / ( xx * xx — yy * yy) * (
(cont.) j3X * j2y — yy * j3y * j2x) % (3.0 % costp * costp — 1.0) / 2.

end if

nofq = t2 4+ t3 + t4
return
end function nofq

!'l" This calculation calculates the unscreened HAA form factor
real function wO(ele, q

use defs
real q
real , external :: nofq, bofq

type (elements) :: ele
! animalu form factor is given in Ry convert it to a.u.
w0 = (nofq(ele,q) + bofq(ele,q)) / 2.0

end function w0
! This calculation calculates the screened HAA form factor
real function w(ele, q

use defs

real ggvosko, q, qq, lindhard, vc, hartree
real, external :: w0

type (elements) :: ele

aq = q / 2.0 / kf

ggvosko = 0.5 *x (q*x*2 / (q**2 + ksi x kfxx2))

lindhard = —mave * kf / pi**2 % (0.5 + (1.0 — qq=**2) / 4.0 / qq * log(
(com.)abs((l.O + qq) / (10 — qq))))

ve = 4.0 % pi / q*x*2

hartree = 1.0 — vc % lindhard / (1.0 4+ vc * lindhard x ggvosko)

w = wlO(ele, q) / hartree
end function w

'l Ths routine find the vacancies in the md cell
subroutine findvac/()

use commondefs
use vardecs

real dum
real rxij, ryij, rzij
real ,external:: fcc

integer i, j
logical flagl
call fcc(a, nbox_x, nbox_y, nbox_z)
open(11l, file = "fcc.txt")
do i=1, nperf
read (11,11) xini(i), yini(i), zini(i)
11 format(f20.17, 4x, £20.17, 4x, £20.17)
end do
close(11)
dum=1
flagl=.false .
do j=1,nperf
do i=1,n+nwall

rxij = xini(j) — atoms(i)%x
ryij = yini(j) — atoms(i)%y
rzij = zini(j) — atoms(i)%z
if (dabs(rxij) .gt. tol) rxij = (dabs(rxij) — boxsize x) x dsign

i
)
(cont.)(l.07I'Xij)

if (dabs(ryij) .gt. tol) ryij = (dabs(ryij) — boxsize y) x dsign
(com,)(l.O,ryij) )

if (dabs(rzij) .gt. tol) rzij = (dabs(rzij) — boxsize z) x dsign
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(cont.) (10 N I‘Zij )
if (dsqrt(rxijs«2+ryij*«2+r12zij**2).1t.(tolxdsqrt(3.0))) flagl=.
(cont.) true .
enddo
if (flagl .eq. .false

atoms(n + nwall + du

5

)Vox = (]
atoms(n + nwall + dum)%y = yini(j)
atoms(n + nwall + dum)%z = zini(j)
atoms (n + nwall + dum)%kind = —1
dum = dum+1

endif

flagl = .false.
enddo
nvac = dum—1

end subroutine findvac
I'l' This routine constructs an FCC cell from old data used in findvac
subroutine fcc(a, nx, ny, nz)

real a

real, dimension(4)::x0, y0, z0

integer ix, iy, iz, i, nx, ny, nz

real , allocatable:: x(:), y(:), z(:)

allocate(x(nx * ny * nz * 4), y(nx * ny % nz % 4), z(nx % ny * nz % 4))

open(11, file = "fcc.txt", position = "rewind", status = "old")

x0(1) = 0.0

y0(1) = 0.0

20 (1) = 0.0

x0(2) = 0.0

y0(2) = 0.5 % a

20(2) =0.5 * a

x0(3) = 0.5 % a

y0(3) = 0.0

z0(3) = 0.5 % a

x0(4) = 0.5 % a

y0(4) = 0.5 % a

z0(4) = 0.0

do iy = —1, ny — 2

do ix = 0, nx — 1
do iz = 0, nz — 1
doi=1, 4
x(i) = ix * a + x0(1)
y(i) =iy * a + yO(i)
z(1) = iz * a + 2z0(1)
write(11,10) x(i), y(i), z(i)
10 format(f20.17, 4x, f20.17, 4x, f20.17)
end do
end do
end do
end do
close(11)

end subroutine fcc

subroutine fcc2(a, nx, ny, nz)

real a

real , dimension(4)::x0, y0, z0

integer ix, iy, iz, i, nx, ny, nz

real , allocatable:: x(:), y(:), z(:)

allocate(x(nx * ny * nz * 4), y(nx * ny * nz % 4), z(nx * ny * nz x 4))

open(11, file = "fcc.txt", position = "rewind", status = "old")
x0(1) = 0.0
yO(1) = 0.0

z0 (1) = 0.0
x0(2) = 0.0
y0(2) = 0.5 % a
z0(2) =0.5 % a
x0(3) = 0.5 % a
y0(3) = 0.0
z0(3) = 0.5 % a
x0(4) = 0.5 % a
y0(4) = 0.5 * a
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z0(4) = 0.0
do iy = —1, ny — 2
do ix = 0, nx — 1
do iz = 0, nz — 1
do i =1, 4
x(1) = ix *x a + x0(1)
y(i) = iy % a + y0(i)
z(i) = iz * a + z0(i)
write (11,10) x(i), y(i), z(1)
10 format(f20.177 4x, £20.17, 4x, f20.17)
end do
end do
end do
end do
close(11)

end subroutine fcc2
'l temperature control with velocity scaling
subroutine velscale ()
use vardecs
use commondefs
real scalefactor , scalecount
integer i
sumvel = 0.0
do i = 17 n
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vy**2 + atoms(i)%vz**2)
(cont.) * molwt (atoms(i)%kind)
end do
l'scale velocities at scalestep intervals
if (tstep .le. scalestep) then
scalecount = mod(tstep, scaleint)
if (scalecount.eq.0.0)then
scalefactor = dsqrt (3.0 * n * bolz * temp / sumvel)
I'scale velocities to desired temperature

do i =1, np

atoms (i)%vx = atoms(i)%vx * scalefactor
atoms (i )%vy = atoms(i)%vy * scalefactor
atoms (1)%vz = atoms(i)%vz x scalefactor
end do
end if

end if .
end subroutine velscale
'l andersen pressure control with velocity Verlet predictor step
subroutine andersl ()
use vardecs
use commondefs
real sumro
integer i

sumro = 0.0
do i = 17 n
atoms (1)%rox = atoms(i)%x / boxsize x
atoms (i)%roy = atoms(i)%y / boxsize y
atoms (i)%roz = atoms(i)%z / boxsize z
atoms (i)%rox1 = atoms(i)%vx / boxsize x
atoms (i)%royl = atoms(i)%vy / boxsize y
atoms (1)%rozl = atoms(l)%vz / boxsize =z
sumro = sumro + (atoms(i)%roxl**2 + atoms(i)%royl**2 + atoms(i)%rozl
(cont.) *x2) x molwt (atoms(i)%kind)
enddo
do i =1, n
atoms (1)%rox = atoms(i)%rox + tstp * atoms(i)%roxl + 0.5 % tstp**2 x
(cont.) ((atoms(i)%fx / molwt(atoms(i)%kind)) / boxsize x — 2.0 / 3.0 =
(cont.) atoms (1)%rox1l * volumel / volume)
atoms (1 )%roy = atoms(i)%roy + tstp * atoms(i)%royl + 0.5 % tstpx*x2 x
(cont.) ((atoms(1)%fy / molwt(atoms(i)%kind)) / boxsize_y — 2.0 / 3.0 x
(cont.) atoms (1)%royl * volumel / volume)
atoms (i)%roz = atoms(i)%roz + tstp * atoms(i)%rozl + 0.5 * tstp**2 x
(cont.) ((atoms(i)%fz / molwt(atoms(i)%kind)) / boxsize z — 2.0 / 3.0 x

(com)atoms(')%rozl * volumel / volume)
atoms (1i)%rox1l = atoms(i)%roxl + 0.5 % tstp * ((atoms(i)%fx / molwt(
(cont.) atoms (i )%kind)) / boxsize _x — 2.0 / 3.0 * atoms(i)%roxl % volumel /
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(cont.) volume
atoms (i
(cont.) atoms (i

)
i)%royl = atoms(i)%royl
i
(cont.) volume)
i
i
)

) * tstp * ((atoms(i)%fy / molwt
Y%kind)) / boxsize y —

0.5

.0 / 3.0 * atoms(i)%royl % volumel
5
/

o+

(
/
* tstp * ((atoms(i)%fz / molwts

atoms (1)%rozl = atoms(i)%rozl +
2 3.0 x atoms(i)%rozl * volumel

(cont.) atoms (1)%kind)) / boxsize z —
(cont.) volume
end do

doizl‘n

atoms(1)%x = atoms(i)%rox * boxsize x
atoms (1)%y = atoms(i)%roy = boxsize y
atoms (i)%z = atoms(i)%roz x boxsize z
atoms (i)%vx = boxsize x x atoms(i)%roxl
atoms(i)%vy = boxsize y * atoms(i)%royl
atoms (1)%vz = boxsize z x atoms(i)%rozl
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vyx**2 + atoms(1i)%vz*x2)
(cont.) *molwt (atoms (i )%kind)
enddo
tempdum = (sumvel) /(3.0 % real(n) % bolz
pressure = ((n * bolz % tempdum) + (1.0 / 3.0) * totw) / volume
volume = volume + tstp * volumel + 0.5 =* tstp**Q x (pressure — pset) /
(cont.) M
volumel = volumel + 0.5 % tstp * (pressure — pset) / m
boxsize x = (volume**0.33333333) * bxr
boxsize y = (volume=x%0.33333333) * byr
boxsize z = (volumex%0.33333333) % bazr
sumvel = 0.0
oi=1,n
atoms (1)%x = atoms(i)%rox * boxsize x
atoms (i)%y = atoms(i)%roy x boxsize y
atoms (i)%z = atoms(i)%roz % boxsize z
atoms(i)%vx = boxsize x * atoms(i)%roxl
atoms (i)%vy = boxsize y = atoms(i)%royl
atoms (i)%vz = boxsize z x atoms(i)%rozl
sumvel = sumvel + (atoms(i)%vx*%2 + atoms(i)%vy**2 + atoms(1)%vzxx2)
(cont.) * molwt (atoms (i)%kind)
enddo

end subroutine andersl

'l Andersen pressure control with velocity Verlet corrector step
subroutine anders2 ()

use vardecs

use commondefs

integer i

do i=1,n
atoms (i)%roxl = atoms(i)%roxl + 0.5 % tstp % ((atoms(i)%fx / molwt(
(cont.) atoms (1 )%kind)) / boxsize x — 2.0 / 3.0 * atoms(i)%roxl * volumel /

1

(i

(i
(cont.) Volume)

atoms (1)%royl = atoms(i)%royl +

(cont.) atoms (i )%kind)) / boxsize y — 2.

e)

(i

(1

e)

*

tstp * ((atoms(i)%fy / molwt(
.0 % atoms(i)%royl * volumel /
(
/

o o
w

(cont.) VOlllm

atoms
(cont.) atoms
(cont.) volum

)%rozl = atoms(i)%rozl +

tstp * ((atoms(i)%fz / molwt
.0 x atoms(1)%rozl * volumel

o o
~_ ot -~ ot
Lo *

)%kind)) / boxsize z — 2.

end do

sumvel = 0.0

do i =1, n
atomb(l)%x = atoms(i)%rox * boxsize x
atoms (1 )%y = atoms(i)%roy * boxsize y
atoms (i)%z = atoms(i)%roz x boxsize z
atoms(1i)%vx = boxsize x * atoms(i)%roxl
atoms (i)%vy = boxsize y = atoms(i)%royl
atoms (i)%vz = boxsize z x atoms(i)%rozl
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vyx**2 + atoms(1)%vz*x2)

(cont.) % molwt (atoms (i)%kind)
enddo

tempdum = (sumvel) / (3.0 * real(n) * bolz)
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pressure = ((n * bolz * tempdum) + (1.0 / 3.0) * totw) / volume
volumel = volumel + 0.5 * tstp * (pressure — pset) / m

end subroutine anders2

1

Berendsen pressure and temperature control

subroutine berendsen ()
use vardecs

use commondefs
integer i

sumvel = 0.0
oi=1,n
sumvel = sumvel + (atoms(i)%vx**2 + atoms(i)%vy=**2 + atoms(1)%vz*x2)

(cont.) * molwt (atoms(i)%kind)

end do

tempdum = (sumvel) / (3.0 % real(n) % bolz)

presaure = ((n * bolz % tempdum) + (1.0 / 3.0) * totw) / volume

mu = (1 + (tstp / tau_p) * beta * (pressure — pset))*x(1.0 / 3.0)

lambda = (1 + (tstp / tau _t) * (temp / tempdum — 1))x%(0.5)
do i =1, n

atoms (i )%vx = atoms(i)%vx + tstp * atoms(i)%fx / molwt(atoms(i)%kind
(cont.) )

atoms (1 )%vy = atoms(i)%vy + tstp * atoms(i)%fy / molwt(atoms(i)%kind
(cont.) )

atoms (i)%vz = atoms(i)%vz + tstp x atoms(i)%fz / molwt(atoms(i)%kind
(cont.) )

atoms (i)%vx = atoms(i)%vx * lambda

atoms (i)%vy = atoms(i)%vy * lambda

atomb(l Vhove = atoms( i)%vz x lambda

atoms (1)%x = atoms(1)%x + tstp * atoms(i)%vx

atoms (1 )%y = atoms(1)%y + tstp * atoms(i)%vy

atoms (1)%z = atoms(i)%z + tstp % atoms(i)%vz

atoms (1 )%x = atoms(1)%x * mu

atoms (1 )%y = atoms(i)%y * mu

atoms (i)%z = atoms(i)%z * mu

end do

boxsize x boxsize x % mu
boxsize y boxsize y * mu
boxsize z = boxsize z % mu
volume = volume #* (mux%3)

end subroutine berendsen

1

Gear 5th order integration predictor step

subroutine predict (dt)

use vardecs

use commondefs
integer i

real cl, c2, c3, c4

real dt
cl = dt
¢2 =c¢l x dt / 2.0
c3 =c¢2 x dt / 3.0
cd = c¢3 x dt / 4.0
do i=1,n
atoms (1)%x = atoms(i)%x + ¢l % atoms(i)%vx + ¢2 * atoms(i)%ax + c3 x
(cont.) atoms(1)% obx + c4 x atoms(i)%cx
atoms (1)%y = atoms(i)%y + ¢l % atoms(i)%vy + c2 * atoms(i)%ay + c3 =
(cont.) atom%(l)%by + ¢4 % atoms(1i)%cy
atoms(i)%z = atoms(i)%z + ¢l x atoms(i)%vz + ¢2 * atoms(i)%az + c3 x
(cont.) atoms(l)%bz + cd * atoms(i)%cz
) Tovx

atoms (1)%vx = atoms(i)%vx + ¢l % atoms(i)%ax + ¢2 * atoms(i)%bx + c3
(cont.) * atoms (1 )%cx

atoms (i )%vy = atoms(i)%vy + ¢l x atoms(i)%ay + c2 * atoms(i)%by + c3
(cont.) * atoms (i)%cy

atoms (i)%vz = atoms(i)%vz + cl * atoms(i)%az + c2 * atoms(i)%bz + c3
(cont.) * atoms (1)%cz

atoms (1)%ax = atoms(i)%ax + cl % atoms(i)%bx + ¢2 * atoms(i)%cx

atoms (i )%ay = atoms(i)%ay + cl x atoms(i)%by + c¢2 * atoms(i)%cy

atoms (1 )%az = atoms(l)%az + ¢l % atoms(i)%bz + ¢2 % atoms(i)%cz

atoms (1)%bx = atoms(i)%bx + cl % atoms(1i)%cx
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atoms (i )%by
atoms (i)%bz

atoms (i)%by + ¢l x atoms(i)%cy
atoms (i)%bz + ¢l * atoms(i)%cz

end do
return . .
end subroutine predict
'l This routine is the corrector stage of the Gear 5th order

(cont.) integration
subroutine correct (dt)
use vardecs

use commondefs
real axi,ayi,azi

real cl, c2 c3 c4
real gearO ,gearl ,gear3 ,gear4
real cr,cv,cb,cc

,COTTX , COITY , COITZ

real dt
integer 1
gear0 = 19.0 / 120.0
gearl = 3.0 / 4.0
gear3 = 1.0 / 2.0
geard = 1.0 / 12.0
cl = dt
c2 =cl x dt / 2.0
c3 =c¢2 x dt / 3.0
c4d =¢3 % dt / 4.0
cr = gear0 *x c2
cv = gearl *x ¢2 / cl
cb = gear3 * ¢2 / ¢3
cc = geard * ¢2 / c4
doi=1,n
axi = atoms(i)%fx / molwt(atoms(i)%kind)
ayli = atoms(i)%fy / molwt(atoms(i)%kind)
azi = atoms(i)%fz / molwt(atoms(i)%kind)
corrx = axi — atoms(i)%ax
corry = ayi — atoms(i)%ay
corrz = azi — atoms(i)%az
atoms (i)%x = atoms(i)%x + cr * corrx
atoms (i)%y = atoms(i)%y + cr x corry
atoms(i)%z = atoms(i)%z + cr % corrz
atoms (1)%vx = atoms(i)%vx + cv % corrx
atoms (1 )%vy = atoms(i1)%vy + cv % corry
atoms (i)%vz = atoms(i)%vz + cv % corrz
atoms (i)%ax = axi
atoms (i)%ay = ayi
atoms (i)%az = azi
atoms (1)%bx = atoms(i)%bx + cb % corrx
atoms (1 )%by = atoms(i)%by + cb % corry
atoms (i)%bz = atoms(i)%bz + cb % corrz
atoms (i)%cx = atoms(i)%cx + cc % corrx
atoms (1)%cy = atoms(i)%cy + cc % corry
atoms (i)%cz = atoms(i)%cz + cc * corrz
end do
return
end
'l velocity Verlet predictor step

subroutine verll (dt)

use vardecs
use commondefs
real dt,dtsq2,dt2

integer i
dt2
dtsq2
do i =

atoms(1i)%x = atoms

atoms

dt / 2.0
dt = dt2
, 1P

i)%y = atoms

i)%x + dt *

atoms (1)%vx + dtsq2 x (atoms(i)%fx /

atoms (1)%vy + dtsq2 x (atoms(i)%fy /

1

( (
(cont.) molwt (atoms (i )%kind

(

(

( 1 )%z + dt =

i)
))

(i)%y + dt =
(cont.) molwt (atoms (i )%kind))

(i)

atoms (1)%z = atoms atoms (i)%vz + dtsq2 x (atoms(i)%fz /
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@omJnuﬂwt(atonw(i)%kind))

atoms (1 )%vx = atoms(1)%vx + dt2 x (atoms(i)%fx / molwt(atoms(i)%kind
(cont.) ))

atoms (i )%vy = atoms(i)%vy + dt2 x (atoms(i)%fy / molwt(atoms(i)%kind
(cont.) ))

atoms (i)%vz = atoms(i)%vz + dt2 x (atoms(i)%fz / molwt(atoms(i)%kind
(cont.) ))

end do

return

end subroutine verll
'l velocity Verlet corrector step
subroutine verl2 (dt)

use vardecs
use commondefs
real dt, dt2

integer i
dt2 = dt / 2.0

totkin = 0.0
do i = 17 np

atoms (1 )%vx = atoms(i)%vx + dt2 % atoms(i)%fx / molwt(atoms(i)%kind)
atoms (i )%vy = atoms(i)%vy + dt2 x atoms(i)%fy / molwt(atoms(i)%kind)
atoms (1)%vz = atoms(i)%vz + dt2 x atoms(i)%fz / molwt(atoms(i)%kind)
totkin = totkin + (atoms(i)%vx**2 4+ atoms(i)%vy=**2 + atoms(i)%vz**2)

(cont.) * molwt (atoms (i)%kind)
end do
totkin = totkin x 0.5
return
end subroutine verl2
'l This routine calculates velocity autocorrelation function
subroutine vacf(namel, tstep, sstep, dtime, n, icf)
real vaf
integer i, j, n, step, nsample, tstep, sstep, icf
real vx0(n), vyO(n), vz0(n), x0(n), yO(n), z0(n), vx(n), vy(n), vz(n)
real x(n), y(n), z(n), vO(n), r0(n), dtime, time
character namelx*(x)

character(len = len trim (namel)) name?2
name2 = trim (namel)
vaf = 0.0

open(unit = 3, file = name2//".con")
open(unit = 2, file =name2//".vaf")
read (3, *) step
do i =1, n
read (3, 31) x0(i), y
31 format(1lx, 6Gesl5.

i), z0(i), vx0(i), vyO(i), vz0(i)

vO(i) = dsqrt(vx0(i) vx0(i) + vyO(i) % vyO(i) + vz0(i) % vz0(i))
r0(i) = dsqrt(x0(i)*%2 + y0(i)*x2 + z0(i)=*%2)
vaf = vaf + (v0O(i) % vO(i)) / (vO(i)x vO(i))

end do

vaf =vaf / real(n)

time = real((step — (sstep + icf))) x dtime
nsample = (tstep — sstep) / icf
write (2, %) time, vaf
do j = 1, nsample — 1
vaf = 0.0
read (3, *) step
doi=1,n
read (3.32) x(i).y(i).2(i) vx(i) vy (i) va(i)
32 fornlat(lx 66815 7)
vaf = vaf + (vx0(i) = vx(i) + vy0(i) = vy(i) + vz0(i) = vz(i)) / (
(cont. VO( )* VO(]))

vaf = vaf / real(n)
time = real((step — (sstep + icf))) * dtime
write (2, *) time, vaf

end do

close(2)

end subroutine vacf
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