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(and speed concerns). The number of runs for the particular script entry can be set
resulting in average values of system characteristics, such as growth rate, under one
random-number-stream and seed (see Appendix C.2). The number of species and of
what charge and quantity can be trivially changed, and the length of the simulation
run, either by number of layers grown or by number of MC steps, equally so. Finally,
the simulation parameter’s themselves—assumed constant through the simulation for
now—are inputted. The SOS toggle currently has no effect.

The source code, in C++, follows.
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whereby each simulation’s output—including 2-d and 3-d final crystal states, step-
by-step evolution of the system data for tview, growth rates and averaged growth rates
for multiple runs including error, etc.—can be controlled for the level of profuseness

or brevity one needs (or has space for). A sample input script is given below.

"tsim" script file...2 runs: long-range rock salt; n-n 3 species
bmn-bt type system

#

2

ewald table file: ../ewald/20_20_60.ew
dimensions: 20 20 60

species: 2 +1 .56 -1 .5

grow num layers: 25

num MC steps: 2000

or num of runs: 1

kT: 0.1
chem: -0.65
S0S: true

full output?: true
init surface: surfaces/salt.20by20.20.surf
output: ../simulations/lr_salt

nn table file: ../ewald/50_50_150.fak
dimensions: 50 50 150

species: 3 -2 0.3 +1 0.6 0 0.1

grow num layers: 10

num MC steps: 200

or num of runs: 10

kT: 1.0
chem: -2.5
S0S: true

full output?: false
init surface: surfaces/1:2order.50by50.10.surf
output: ../simulations/nn_bmn-bt

The potential table input file, whether it be Ewald or nearest-neighbor, along

with the initial surface configuration are stored elsewhere for maximum modularity



Appendix E

Crystal Growth and Visualization

Code: tsim and tview

Due to the quantity of time put into these two programs, we feel they’ve earned
their names: tsim, the KMC simulation program; and tview, the OpenGL-based 3-d
visualization program. A brief description and the source code for each are given

below.

E.1 tsim

tsim realizes the new algorithm of Section 4.3, building an environment where many
crystals can be “grown” and statistics can be gathered on any of a number of system
characteristics (growth, order, ...). Based on a built in scripting mechanism, growth

simulations of wildly differing characteristics can be run sequentially, many times,
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(0,0,7)
(1,0,7)
(2,0,7)
(3,0,7)
(4,0,7)
(5,0,7)
(0,0,8)
(1,0,8)
(2,0,8)
(3,0,8)
(4,0,8)
(5,0,8)
(0,0,9)
(1,0,9)
(2,0,9)
(3,0,9)
(4,0,9)

(5,0,9)

0.142857

0.142260

0.140716

0.138842

0.137354

0.136792

0.125000

0.124700

0.123919

0.122964

0.122199

0.121908

0.111111

0.110958

0.110558

0.110066

0.109670

0.109519

(0,1,7)
(1,1,7)
(2,1,7)
(3,1,7)
(4,1,7)
(5,1,7)
(0,1,8)
(1,1,8)
(2,1,8)
(3,1,8)
(4,1,8)
(5,1,8)
(0,1,9)
(1,1,9)
(2,1,9)
(3,1,9)
(4,1,9)

(5,1,9)

0.142260

0.141687

0.140202

0.138399

0.136966

0.136424

0.124700

0.124409

0.123652

0.122725

0.121982

0.121700

0.110958

0.110808

0.110418

0.109937

0.109551

0.109403

(0,2,7)
(1,2,7)
(2,2,7)
(3,2,7)
(4,2,7)
(5,2,7)
(0,2,8)
(1,2,8)
(2,2,8)
(3,2,8)
(4,2,8)
(5,2,8)
(0,2,9)
(1,2,9)
(2,2,9)
(3,2,9)
(4,2,9)

(5,2,9)

0.140716

0.140202

0.138869

0.137247

0.135953

0.135464

0.123919

0.123652

0.122956

0.122102

0.121416

0.121156

0.110558

0.110418

0.110052

0.109601

0.109238

0.109100

(0,3,7)
(1,3,7)
(2,3,7)
(3,3,7)
(4,3,7)
(5,3,7)
(0,3,8)
(1,3,8)
(2,3,8)
(3,3,8)
(4,3,8)
(5,3,8)
(0,3,9)
(1,3,9)
(2,3,9)
(3,3,9)
(4,3,9)

(5,3,9)

0.138842

0.138399

0.137247

0.135839

0.134713

0.134285

0.122964

0.122725

0.122102

0.121336

0.120720

0.120486

0.110066

0.109937

0.109601

0.109187

0.108853

0.108726

(0,4,7)
(1,4,7)
(2,4,7)
(3,4,7)
(4,4,7)
(5,4,7)
(0,4,8)
(1,4,8)
(2,4,8)
(3,4,8)
(4,4,8)
(5,4,8)
(0,4,9)
(1,4,9)
(2,4,9)
(3,4,9)
(4,4,9)

(5,4,9)

0

0

0

(=]

o

o

o

o

o

(=]

(=]

(=]

(=]

o

o

o

o

(=]

.137354

.136966

.135953

.134713

.133717

.133339

.122199

.121982

.121416

.120720

.120160

.119947

.109670

.109551

-109238

-108853

.108542

.108424

(0,5,7)
(1,5,7)
(2,5,7)
(3,5,7)
(4,5,7)
(5,5,7)
(0,5,8)
(1,5,8)
(2,5,8)
(3,5,8)
(4,5,8)
(5,5,8)
(0,5,9)
(1,5,9)
(2,5,9)
(3,5,9)
(4,5,9)

(5,5,9)

(=]

(=]

(=]

o

o

e

o

o

o

(=]

(=]

o

(=]

e

o

o

o

(=]
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.136792

.136424

.135464

.134285

.133339

132979

-121908

.121700

.121156

.120486

.119947

.119741

.109519

109403

-109100

.108726

.108424

.108308
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D.1 Ewald Table for a 10 x 10 x 10 Matrix

(0,0,0)
(1,0,0)
(2,0,0)
(3,0,0)
(4,0,0)
(5,0,0)
(0,0,1)
(1,0,1)
(2,0,1)
(3,0,1)
(4,0,1)
(5,0,1)
(0,0,2)
(1,0,2)
(2,0,2)
(3,0,2)
(4,0,2)
(5,0,2)
(0,0,3)
(1,0,3)
(2,0,3)
(3,0,3)
(4,0,3)
(5,0,3)
(0,0,4)
(1,0,4)
(2,0,4)
(3,0,4)
(4,0,4)
(5,0,4)
(0,0,5)
(1,0,5)
(2,0,5)
(3,0,5)
(4,0,5)
(5,0,5)
(0,0,6)
(1,0,6)
(2,0,6)
(3,0,6)
(4,0,6)

(5,0,6)

(o]

1.002284

0.509453

0.355849

0.293428

0.275790

1.000000

0.709333

0.456414

0.338085

0.284513

0.268852

0.500000

0.449278

0.362052

0.297397

0.261662

0.250412

0.333333

0.318059

0.284843

0.253198

0.232688

0.225752

0.250000

0.244099

0.229962

0.214673

0.203729

0.199835

0.200000

0.197411

0.190927

0.183448

0.177784

0.175704

0.166667

0.165449

0.162331

0.158615

0.155711

0.154625

(0,1,0)
(1,1,0)
(2,1,0)
(3,1,0)
(4,1,0)
(5,1,0)
(0,1,1)
(1,1,1)
(2,1,1)
(3,1,1)
(4,1,1)
(5,1,1)
(0,1,2)
(1,1,2)
(2,1,2)
(3,1,2)
(4,1,2)
(5,1,2)
(0,1,3)
(1,1,3)
(2,1,3)
(3,1,3)
(4,1,3)
(5,1,3)
(0,1,4)
(1,1,4)
(2,1,4)
(3,1,4)
(4,1,4)
(5,1,4)
(0,1,5)
(1,1,5)
(2,1,5)
(3,1,5)
(4,1,5)
(5,1,5)
(0,1,6)
(1,1,6)
(2,1,6)
(3,1,6)
(4,1,6)

(5,1,6)

1.002284

0.711578

0.458557

0.340103

0.286432

0.270734

0.709333

0.581710

0.419297

0.324711

0.278182

0.264177

0.449278

0.412295

0.343563

0.288598

0.256854

0.246672

0.318059

0.305105

0.276311

0.248114

0.229460

0.223088

0.244099

0.238775

0.225925

0.211874

0.201722

0.198090

0.197411

0.195001

0.188946

0.181930

0.176592

0.174627

0.165449

0.164293

0.161332

0.157793

0.155024

0.153987

(0,2,0)
(1,2,0)
(2,2,0)
(3,2,0)
(4,2,0)
(5,2,0)
(0,2,1)
(1,2,1)
(2,2,1)
(3,2,1)
(4,2,1)
(5,2,1)
(0,2,2)
(1,2,2)
(2,2,2)
(3,2,2)
(4,2,2)
(5,2,2)
(0,2,3)
(1,2,3)
(2,2,3)
(3,2,3)
(4,2,3)
(5,2,3)
(0,2,4)
(1,2,4)
(2,2,4)
(3,2,4)
(4,2,4)
(5,2,4)
(0,2,5)
(1,2,5)
(2,2,5)
(3,2,5)
(4,2,5)
(5,2,5)
(0,2,6)
(1,2,6)
(2,2,6)
(3,2,6)
(4,2,6)

(5,2,6)

0.509453

0.458557

0.370879

0.305674

0.269502

0.258086

0.456414

0.419297

0.350220

0.294835

0.262757

0.252448

0.362052

0.343563

0.304338

0.268030

0.244953

0.237218

0.284843

0.276311

0.256430

0.235717

0.221332

0.216293

0.229962

0.225925

0.215996

0.204845

0.196596

0.193606

0.190927

0.188946

0.183930

0.178045

0.173519

0.171841

0.162331

0.161332

0.158761

0.155671

0.153240

0.152327

(0,3,0)
(1,3,0)
(2,3,0)
(3,3,0)
(4,3,0)
(5,3,0)
(0,3,1)
(1,3,1)
(2,3,1)
(3,3,1)
(4,3,1)
(5,3,1)
(0,3,2)
(1,3,2)
(2,3,2)
(3,3,2)
(4,3,2)
(5,3,2)
(0,3,3)
(1,3,3)
(2,3,3)
(3,3,3)
(4,3,3)
(5,3,3)
(0,3,4)
(1,3,4)
(2,3,4)
(3,3,4)
(4,3,4)
(5,3,4)
(0,3,5)
(1,3,5)
(2,3,5)
(3,3,5)
(4,3,5)
(5,3,5)
(0,3,6)
(1,3,6)
(2,3,6)
(3,3,6)
(4,3,6)

(5,3,6)

0.355849

0.340103

0.305674

0.272563

0.250894

0.243522

0.338085

0.324711

0.294835

0.265331

0.245644

0.238882

0.297397

0.288598

0.268030

0.246487

0.231447

0.226161

0.253198

0.248114

0.235717

0.221954

0.211872

0.208236

0.214673

0.211874

0.204845

0.196700

0.190503

0.188221

0.183448

0.181930

0.178045

0.173420

0.169810

0.168461

0.158615

0.157793

0.155671

0.153103

0.151067

0.150299

(0,4,0)
(1,4,0)
(2,4,0)
(3,4,0)
(4,4,0)
(5,4,0)
(0,4,1)
(1,4,1)
(2,4,1)
(3,4,1)
(4,4,1)
(5,4,1)
(0,4,2)
(1,4,2)
(2,4,2)
(3,4,2)
(4,4,2)
(5,4,2)
(0,4,3)
(1,4,3)
(2,4,3)
(3,4,3)
(4,4,3)
(5,4,3)
(0,4,4)
(1,4,4)
(2,4,4)
(3,4,4)
(4,4,4)
(5,4,4)
(0,4,5)
(1,4,5)
(2,4,5)
(3,4,5)
(4,4,5)
(5,4,5)
(0,4,6)
(1,4,6)
(2,4,6)
(3,4,6)
(4,4,6)

(5,4,6)

0.293428

0.286432

0.269502

0.250894

0.237369

0.232511

0.284513

0.278182

0.262757

0.245644

0.233107

0.228585

0.261662

0.256854

0.244953

0.231447

0.221359

0.217682

0.232688

0.229460

0.221332

0.211872

0.204645

0.201977

0.203729

0.201722

0.196596

0.190503

0.185758

0.183986

0.177784

0.176592

0.173519

0.169810

0.166881

0.165778

0.155711

0.155024

0.153240

0.151067

0.149334

0.148678

(0,5,0)
(1,5,0)
(2,5,0)
(3,5,0)
(4,5,0)
(5,5,0)
(0,5,1)
(1,5,1)
(2,5,1)
(3,5,1)
(4,5,1)
(5,5,1)
(0,5,2)
(1,5,2)
(2,5,2)
(3,5,2)
(4,5,2)
(5,5,2)
(0,5,3)
(1,5,3)
(2,5,3)
(3,5,3)
(4,5,3)
(5,5,3)
(0,5,4)
(1,5,4)
(2,5,4)
(3,5,4)
(4,5,4)
(5,5,4)
(0,5,5)
(1,5,5)
(2,5,5)
(3,5,5)
(4,5,5)
(5,5,5)
(0,5,6)
(1,5,6)
(2,5,6)
(3,5,6)
(4,5,6)

(5,5,6)
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0.275790
0.270734
0.258086
0.243522
0.232511
0.228472
0.268852
0.264177
0.252448
0.238882
0.228585
0.224799
0.250412
0.246672
0.237218
0.226161
0.217682
0.214545
0.225752
0.223088
0.216293
0.208236

0.201977

o

.199644

(=]

.199835

(=]

.198090

o

.193606

(=]

.188221

o

.183986

o

-182396

o

.175704

o

.174627

(=]

.171841

(=]

.168461

o

.165778

(=]

.164764

o

.154625

o

.153987

o

.152327

o

-150299

e

148678

(=]

.148063



Appendix D

An Ewald Table for Finite Height

Courtesy T.J. Walls, below is a sample Ewald table for a crystal matrix of size ten
cubed. Because of periodic boundary conditions, we only need potential data for
vectors half the size of the matrix in any direction. The table gives the +1-—1
Coulomb potential with images (as described in Section 3.3) between a site at (0,0, 0)
and a site (7,J,k) away. Again, please refer to the work of [31] for more detailed

information.
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C.2 Random Number Generator

The random number generator used, the quality of which is very important for MC
simulations, was designed and implemented in C++ by Park and Miller.[14] Accord-
ing to [14]’s documentation, the period of one of their random number generating
“streams” is 2,147,482,647 — 1. To see if this number is big enough, we must cal-
culate the number of random numbers used in a given simulation to make sure that
repetition is not possible. For a 20 x 20 crystal matrix simulation ran for 10 times
for 200 MC steps each time, the number of random numbers used is approximately
n, = 202 x 10 x 200 x 2 = 1, 600, 000 where the extra 2 comes from randomly choosing
the species to adsorb at each time step (an overestimation). We appear to be OK for

these matrix sizes.



Appendix C

Hardware and Software

C.1 Equipment and Compilers

All simulations were done on either Pentium-class computers under Linux 2.2.5-22 or
a PowerPC G3 running Linux 2.2.10. On the Pentiums, gcc version 2.95.2 19991024
was the compiler used, gce version eges-2.91.66 19990314 (eges-1.1.2 release) on the
PowerPC. Since standard data types (ie “double”s) and gnu compilers were used
throughout, in addition to the huge number of runs, significant numerical error across
machines is unlikely.

Visualization was done on the PowerPC, its 128-bit graphics card allowing for
reasonable speed. The OpenGL copy-cat library Mesa 3.1 was the basis for the

graphics routines.
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moments with periodic boundary conditions, it defines an interaction energy be-
tween nearest-neighbor spins such that a more favorable energy state is reached
by parallel alignment. The system evolution is realized, according to the tem-
perature, through a Metropolis Monte Carlo simulation. The Ising model is the

basis for many other computational models, including KMC.

Markov chain: A sequence of trials that satisfy: 1) the outcome of each trial
belongs to a finite set of outcomes called the state space, 2) the outcome of each

trial depends on the outcome of the trial that immediately precedes it.

state space: The set of all possible outcomes of an experiment.

crystal imperfections: physical: strain, dislocations, grain boundaries, twin
planes, and stacking faults. chemical: the presence of a foreign atom or a

vacancy in the crystal.



APPENDIX B. DEFINITIONS AND SLIGHT EXPLANATIONS 98

perature. They do not realistically simulate the physical processes that get the

system to that order...hence the need for kinetic MC.

Coulomb force: A central mass force between two charged particles, the
Coulomb or electrostatic force is defined by F' = kg;qo/r where k is a con-
stant, ¢; and ¢y are the charges of particle 1 and 2 respectively, and r is the

distance separating the two particles.

species: In our crystal growth terminology, species of adatoms are grouped by
like charge. Thus, for a rock salt type system, there would be two species of

charge 14 and 1—.

Ewald summation: The Ewald summation is a technique for summing the
interaction between an ion and all its periodic images in a crystal lattice. See

Section 3.3.

deterministic processes: A process such as the outcome can be known from

the given initial conditions (e.g. projectile motion).

stochastic processes: A process such that the outcome is random in nature

(e.g. adsorption in crystal growth).

Ising model: The first computational model to successfully reproduce a system
exhibiting a first order phase transition, the Ising model attempts to simulate

the ferromagnetic properties of iron. Using a discrete lattice of spin magnetic
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substrate: The substrate is the initial surface used to begin the nucleation
process of crystal growth. Although usually arranged to match the type of
growth, ie [111]; : 1 for rock salt, this need not be so. Nor does the substrate

have to be made of the same constituents are the crystal to be grown.

modes of growth: The categorization of the roughness of the growing crystal
surface falls to two basic types: layer-by-layer growth: where crystal layers grow
one at a time (this includes nucleated growth) ; three-dimensional growth: where

many layers grow at once forming a rough or hilly surface.

Metropolis Monte Carlo A means of importance sampling, the Metropo-
lis or M(RT)? method generates a sequence of random states so that by the
end of the simulation each state has occurred with the appropriate probabil-
ity; this is called a Markov chain. For systems with an enormous number of
possible configurations (such is in the case of crystal growth, see Section 2.1),
it becomes impossible to adequately sample the huge state space—original MC
breaks down. The Metropolis method offers a way out: the ability to impor-
tance sample as you go. In most situations today, when people refer to Monte

Carlo, they are actually referring to Metropolis Monte Carlo.

Equilibrium Monte Carlo: Standard thermodynamical MC simulation is a
method for the calculation of average values in a given equilibrium thermody-
namical ensemble.[10] Equilibrium MC simulations of crystal systems seek only

to find the crystal ordering resulting in the lowest energy state for a given tem-
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Here A is usually a fixed Group II metal, and B has a fractional compositional

freedom containing metals from Groups II-VII. See Section 2.2.

ferroelectric: Ferroelectrics have a permanent electric dipole moment which
may be reoriented by the application of an electric field. Ferroelectric be-
havior is only possible for crystal structures belonging to one of the 10 non-
centrosymmetric point groups that possess a crystallographically unique direc-

tion.

adsorption: when an atom, molecule, or group of atoms (adatom) in the melt,

vapor, or solution attaches itself to the substrate/crystal.

evaporation: when an adatom, due to internal energies within the crystal
system like thermal fluctuations or electrostatic potential desorbs or is removed

from the solid crystal.

surface migration: See diffusion.

diffusion: after an adatom has adsorbed, it tends to travel along the crystal
surface until becoming bonded to two or more other adatoms; this is referred

to as surface migration or diffusion.

crystal ordering: The positioning of ions in an ordered, repetitious pattern
rather than in a random arrangement. Further related terms include long-range

order (LRO), short-range order (SRO), and disorder. See Section 2.2.1
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crystal: A crystal is a regular and finite array of objects.

crystal lattice: A lattice is an infinite, regular array of points in space. When
an adatom is placed on these points in a regular way, the result is an infinite

crystal lattice.

crystal systems: The seven crystal systems are: triclinic, monoclinic, ortho-
hombic, tetragonal, cubic, trigonal, and hexagonal. All crystalline materials,
except the cubic system, are optically anisotropic, meaning they look different

depending on the direction of sight.

Miller indices: A crystallographic labeling mechanism, Miller indices are con-
structed from the reciprocals of the indices of the plane with the crystallographic

axes. See Section 2.1.

ceramic: 1) Polycrystalline materials of inorganic oxides and salts. 2) A com-
pound of metallic and nonmetallic elements, for which the interatomic bonding

is predominantly ionic. See polycrystalline materials.

polycrystalline materials: aggregates of randomly oriented small crystals.

overcooled liquid and amorphous solids: Non-fluid materials with a very

high degree of disorder.

perovskite alloys: Common compounds usually containing a mixture of alka-

line and transition metals. They are described by the chemical formula ABOs.
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(indirect MC) or stochastic (direct MC) mathematical problem and then solv-
ing it by a stochastic sampling experiment, ie simulation. Simulations provide
information on model systems which is arbitrarily detailed, and whatever quan-
tity the researcher may consider useful he may attempt to “sample” from the
simulation.[35] Molecular Dynamics simulations, in contrast to Monte Carlo,
deal with techniques to solve the classical equations of motion of particles in a
system. Unlike MC which gathers average information about a system, MD—by
integrating Newton’s laws numerically—realistically simulates physical systems
(at a big performance price). Kinetic Monte Carlo bridges the gap between the

two by sampling relaxation or disequilibrium stochastic processes.

adatom: the label for the smallest considered object in a crystal growth sim-

ulation be it an atom, molecule, or some larger aggregate.

piezoelectric: Derived from the Greek as “pressure electricity”, a piezoelectric

is an actuating crystal which lacks a center of symmetry. See Section 2.1.1.

piezoelectric coefficient: The piezoelectric coefficient, usually given the sym-

bol d;;, represents the level of strain at a given electric field. It is the most widely

15

used parameter describing actuator performance.

lattice: A lattice is an infinite, regular array of points in space.

unit cell: A unit cell is a region of space which when repeated by primitive

translation vectors fills all space.
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Definitions and Slight Explanations

(Although it may not seem that way, there is a method to the following order.)

condensed matter physics: Condensed matter physics is the study of the
macroscopic properties of materials. It seeks to use the well-established laws of
microscopic physics to predict the collective behavior of very large numbers of

electrons, atoms, or molecules.

simulation techniques: Molecular Dynamics (MD) and Monte Carlo (MC)
are by far the two biggest simulation techniques relavent to growth simula-
tions. The term Monte Carlo refers to a class of computational methods whose
essence is the invention of games of chance (random numbers) and whose be-
havior and outcome can be used to study some interesting phenomena. De-
veloped to study the diffusion of neutrons in fissionable material, the Monte

Carlo method is based on finding a probabilistic analogue to a deterministic
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‘H = the Hamiltonian defining the total energy of the system

(i, 7, k) = the position of an adatom in the 3-d crystal matrix

Vir = the Coulomb potential felt by one adatom in the crystal lattice
Ap = pug — py = the chemical potential difference between the solid and liquid phase
hij = the height of a (i, j) stack in the crystal

C = a particular crystal configuration

E(C) = the total electrostatic energy of a particular crystal configuration
vy, = the long-range contribution to the Coulomb sum

P(C,t) = the time-dependent distribution of configurations

w(C — C') = the rate of adsorption

w(C' — C) = the rate of evaporation

Z = the partition function

kT = the temperature of the system given in units of energy

L = the length and width of the crystal matrix

H = the height of the highest layer of the crystal

V' = the electrostatic potential table

Ui; = the surface potential array

P; = the event probability list
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Symbols and Variables Listed

(In order of appearance.)
a, b, c = crystallographic axes vectors
[ = perovskite unit cell in the crystal lattice, sometimes reduced to just the B site
T ={A, B,01,0,,03} = specific atom in cell [
R, = the position in the ideal cubic structure of the atom on site 7 of cell [
1 = the vector to site [ in the lattice
a = the lattice spacing constant: the distance between lattice sites
Qi = the charge of the atom on site 7 of cell [
Ag = QB — g = the relativized charge of B-site atom

E'g = the electrostatic energy of the B sublattice
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programming challenge, it could certainly be achieved. These investigations are a

likely path of future work.
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of surface sites can be enormous. Maintaining an accurate list of these surface sites
and searching through it efficiently with each iteration of the algorithm is a very
difficult programming challenge. Because the method of growth relevant to the new
relaxor crystals is such that there is little chance for bulk defects (see Section 2.3.1),

we will most likely not attempt this challenge.

7.0.2 Enhancements and New Investigations
Controlling Parameters Over Simulation Time

In laboratory crystal growth from the melt—as discussed in Section 2.3.1—temperature
is decreased continually throughout the growth process. Although temperature is
constant through our crystal growth simulation, changing it over simulation time
is certainly possible and easily implemented. Once we have passed the verification
phase and proceeded to the investigation of the growth of the new relaxor crystals,

this functionality will be a certain addition.

[111] Direction Growth

Currently the crystal in our simulation grows in the [001] direction. This need not
be the case however. A simple transformation of the basis vectors that define our
crystal lattice (Equation 2.1) would allow for growth in other directions, [111] for
example. A comparison of the growth and ordering behaviors in the [111] direction

versus those in the [001] direction would be quite interesting. Although a non-trivial
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7.0.1 Possible Shortcomings and Solutions
Diffusion

Numerous times throughout this thesis we have stated that diffusion is not an im-
portant process in crystal growth from th melt, our reason for excluding it from the
simulation. Well, it might very well be. Although there is support for our claim [29],
the only way to really find out is to implement diffusion in our simulation. A next-
nearest-neighbor implementation of surface diffusion, a not too difficult to implement

first step, is a likely addition we will make to our simulation.

The Solid-on-Solid Restriction

The solid-on-solid (SOS) restriction restricts the adsorption of adatoms to locations
on the crystal surface where an adatom is located directly below it. This restriction
implies that there can be no vacancies or defects within the bulk of the crystal lattice.
The presence of these defects can be very important to the quality of the crystal grown
and a study of defects versus growth rate would be very interesting. Removing the
SOS restriction, however, is a very difficult proposition algorithmically.

Currently, with SOS, there are a constant number of surface sites (L?). By turning
SOS off, any part of the crystal “open” to the melt could be a possible site for
adsorption or evaporation (still maintaining the discrete three-dimensional restriction
of course). Additionally, the number of surface sites would not be constant across

differing crystal configurations. For even moderately rough growth then, the number
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Deficiencies and Future Work

Any model, when compared to the complex real world system it attempts to mimic,
will always come up short. Although there is a tendency to add more features to a
simulation newly completed, any model-—mo matter the added complexity—is still a
gross simplification. Indeed, the addition of more features, and the additional param-
eters and complexity that come with them, can serve as more of a negative influence
rather than a positive one. It will become increasingly impossible to determine what
the physically relavent and dominating processes are as related to the actual physical
system. However, when confronted with a model that doesn’t capture the physics
of the system to an adequate level (self-chosen), the addition of new features/more
physics becomes necessary. These are the issues we must weigh. What follows is a
list of possible simulation augmentations, paths of future investigation, and some of

the implementation issues that correspond.
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relate simulation time to real time? These are all important questions (some of which
will be addressed in Chapter 7) and follow from the more general question of whether
the behavior exhibited in our simulation matches that of experiment. If it doesn’t,
then the model is incomplete and more physics needs to be added. If it does, than

what can we learn?

In conclusion, we have developed, implemented, and realized a simple, ionic, long-
range model and simulation built upon an enhancement of the standard KMC for-
malism. In the process we developed a new algorithm to overcome the difficulties
the addition of long-range interactions introduces to the traditional KMC algorithm.
Focusing on the primary processes of crystal growth (evaporation, adsorption, growth
from the melt, etc.) and those governing the ionic crystal ordering (the BV model),
the simulation has succeeded in displaying the expected growth and ordering behav-
ior for the crystal types we explored. Only more testing will completely verify its

validity.
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range ionic interactions squeezed this transition region to a narrower slice of Ay than
in the nearest-neighbor case. The explanation arose from the charge neutrality of the
crystal system which causes, in the long-range case, potentially evaporated adatoms
to feel similar electrostatic potentials across the surface, more so than in the highly
discretized nearest-neighbor case. We also witnessed the results of finite size effects
across differing lattice sizes and growth distances. This indicates the need for bigger
crystal matrix sizes, which will eventually drive its influence to zero.

With positive results in hand from our limited investigations into the crystal
growth and ordering behavior of rock salt (and thus heterovalent binary perovskite
materials of similar construction), the next step is to expand our investigations for
larger matrix sizes, more parameter values, and other types of perovskite crystals.
Progressively larger crystal matrices will allow us to overcome the finite size effects
pointed out in the last chapter for the long-range model. More simulations over a
wider distribution of temperature and adsorption driving-rate values (Ap) will give
us more information on the growth behavior of our simulated, ionic crystals. Finally,
the move to other crystal types, which include the Relaxor-PT ferroelectric crystals
of special interest to us, will represent a new phase of our research.

The investigation of the growth and ordering processes of these PMN-type systems
initiates the research objective, outlined previously, to help guide in the growth of
these crystals. Questions arise. Is the growth realistic? Does it match experiment?

How do we relate—renormalize—our parameters to match the real ones? How do we
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Conclusions

The development, implementation, and realization of a kinetic Monte Carlo simu-
lation with the addition of long-range ion-ion interactions appears to be a success.
Detailed investigations (Chapter 5) into the growth rates of the long-range model
for rock salt, as compared to the short-range or nearest-neighbor case, confirm the
existence of growth behavior and phase transitions consistent with physical reason
and prior research elsewhere. Although more simulations need to be run to both
confirm and explore the results, the preliminary success of our new model/simulation
represents a significant advance over the traditional non-ionic, nearest-neighbor KMC
model. It brings us a step forward in simulating the growth processes of the relaxor
single crystals that sparked our interest in this research.

Simulations of rock salt in the long-range model confirmed the presence of phase
transitions predicted by crystal growth theory and witnessed in the traditional or

nearest-neighbor model. We saw, among other things, that the addition of long-
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k= 27(3,1,1); for [111];; order, k= 27 (3, 1,1). The quantitative exploration of or-
dering behavior, versus both temperature and species variations, will be an important
aspect of any further research into the growth processes of these materials using this

simulation.

5.3 Bigger, Better, and More of It

The immediate next step is to run more simulations, of bigger size, and across a greater
range of parameters. In doing so, hopefully we can answer some of the questions posed
in the previous paragraphs. The exploration of the new model has proved exciting
and as we map the new physics it brings to KMC simulations, we can start linking
our newfound knowledge to the growth processes themselves.

It is important to mention that although the strictly ionic model of BV has shown
great success for describing the crystal ordering in equilibrium MC simulations, it
may leave out physics relevant to growth simulations. This is a caution we must face
as we push further the use of our simulation as a research tool. Early results are very
good, however, and we look forward to discovering new phenomena the addition of

long-range interactions brings to crystal growth simulations.
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state crystal ordering of theses materials is predicted (and confirmed by equilibrium
MC [3]) to be [111]1.2. In our B-site reduced model, Ag; = —2 and Agy = +1, where
the subscript on ¢ is the species identifier of this two species system. The quantity
of species one is therefore 1/3 and that of species 2 is 2/3, maintaining the charge
neutrality of the B sublattice. Because of time constraints, intensive investigation
was not possible. It is interesting, however, to compare the simulation of this system
using the nearest-neighbor model to the long-range model. Figure 5.15 illustrates.
Although full blown 1:2 ordering has not been discovered yet, the long-range model
shows promise in how it simulates this more complex material type. The relative
quantities of the two species seem adequately realized (in other words, the system is
charge neutral) and pockets of 1:2 order hint at future success. The quantification of

the level of this ordering is the subject of the next section.

Identifying Order

A key behavioral element of these more complicated materials is how the LRO changes
as the relative quantities of species change (see Tables 2.2 and 2.3). To measure the

degree of order we use the Fourier transform of the charge-charge correlation function,

nk) = a)_ AqAgrexp(—ik - 1'). (5.1)
w

Here « is a normalization factor, the sum runs over the charges in the B sublattice,
and k is the wave vector of the unit cubic cell [3]. The larger the value of the or-

der parameter, n(k), the greater the LRO for that wave vector. For [111];,; order,
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very clearly the inadequacies of the latter. Unfortunately, subsumed with verifying
both the nearest-neighbor and the long-range models in the rock salt case, we have
very little time to explore these exciting new applications of the enhanced algorithm
and simulation. Instead, we give a teasing example of the power of the new simulation

and a brief outline of the methods we will need for further scientific inquiry.

I1,/3V,/3 Type Systems

IT,/3Vy/3 materials (described in Chapter 2) are named heterovalent binaries (which

include BMN, BZT, ...) and display very interesting ordering behavior. The ground

(a) (b)

Figure 5.15: Long-Range and N-N Simulation for the Heterovalent Binary II;/3Vys,
10 x 10 x 60: notice that, although both systems show disorder, the long-range model
has produced a charge neutral crystal whereas the nearest-neighbor model has not.
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Figure 5.14: Long-Range Simulation for Rock Salt: very rough growth at low tem-
perature and high p (KT = 0.1 and Ay = —0.4). Notice the imperfections and the
towers.
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Figure 5.13: Long-Range Simulation for Rock Salt: rough growth (k7" = 0.1 and
Ap = —0.65). Simply a longer run version of the previous simulation.
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Figure 5.12: Long-Range Simulation for Rock Salt: the transition between layer-by-
layer and rough growth (k7" = 0.1 and Ay = —0.65).
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Figure 5.11: Long-Range Simulation for Rock Salt: layer-by-layer growth at a slightly
higher p (KT = 0.1 and Ay = —0.75). Simply a longer run version of the previous
simulation.
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Figure 5.10: Long-Range Simulation for Rock Salt: layer-by-layer growth at a slightly
higher p (K7 = 0.1 and Ap = —0.75).
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Figure 5.9: Long-Range Simulation for Rock Salt, 20 x 20 x 60: negative growth at
medium-low temperature (k7" = 0.1) and low Ayu (—1.0), notice how the crystal gets
eaten away at this temperature and chemical potential. Instead of a rough surface, it
becomes “boxy”; adatoms form miniature solid crystals.  his beha ior is not obser ed
in the nearest-neighbor model.
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