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Controlling the stability of nanostructures is an important fundamental issue
in nanoscience. A key problem in this respect is the random stochastic interface dy-
namics associated with equilibrium nanometer scale thermal fluctuations, which can
be understood by applying first—passage statistical concepts, such as the temporal
persistence [survival] probability P(t) [S(¢)]. P(t) [S(t)] measures the probability
of the step height not returning to the original [average] value within a given time
interval. In this study, we measure the persistence exponent 6 associated with the
power—law decay of P(t) at large time scale and also the survival time scale, 75,
describing the exponential decay of S(t) for several nonequilibrium surface growth
processes and fluctuating steps on solid surfaces. We show that for growth models
in the Molecular Beam Epitaxy universality class, the nonlinearity of the underlying
equation is clearly reflected in the difference between the measured values of the pos-

itive and negative persistence exponents. We also find that the survival time scale



provides useful information about the physical mechanism underlying step fluctu-
ations. An exact relation between long-time behaviors of the survival probability
and the autocorrelation function is established and numerically verified. The de-
pendencies of the persistence and survival probabilities on the system size and the
sampling time are shown to be described by simple scaling forms. We introduce the
generalizations of the persistence and survival probabilities for surface fluctuations.
Our measurements of the persistent large deviations probability and associated fam-
ily of exponents show good agreement with the corresponding quantities measured
experimentally using scanning tunneling microscopy dynamical images of step fluc-
tuations. The spatial persistence and survival probabilities are also theoretically
analyzed. Finally, we investigate the connection between the generalizations of the

spatial and temporal persistence probabilities.
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a) Positive and negative persistence probabilities for the F model.

During the deposition of the first 10 ML, the growth process is random

deposition. The diffusion rules of the F model are then used to evolve

the intertace. Persistence probabilities are computed starting from

the configuration obtained after the random deposition of 10 ML.

The positive and negative persistence exponents in the last growth

decade are in the range 0.6 to 0.7, depending on the fitting region.

b) Log—log plot of the interface width W as a function of ¢ (in ML).

The slope in the first decade of ¢ is precisely the random—deposition

value, 5 = 0.5. The second decade shows a crossover region where the

systems undergoes a transtormation towards a morphology governed

by the F model diffusion rules, and the last decade is characterized

by the expected growth exponent of the F model, 5 = 0.25
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During the deposition of the first 10 ML, the growth process is ran-

dom deposition. The diffusion rules of the DT" model are used to

evolve the interface subsequently. Persistence probabilities are com-
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in the last growth decade are approximatively equal to 0.66 and 0.79

respectively. b) Log-log plot of the interface width 1 as a function

of time ¢ (in ML). Beyond the crossover regime, the last decade in ¢

is characterized by the expected growth exponent of the DT model,

B~ 0.375]
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the intermediate growth decade is § ~ 0.04 and thereafter it decreases

to zero, as expected.|
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Persistence probabilities for the (2+1)-dimensional DT model of size

L = 200x200, averaged over 200 runs, obtained from simulations with

different values of the initial time t,. a) t, = 200 ML: The persistence

probabilities do not exhibit clear power law decay. b) ¢, = 4000

ML: The persistence probability curves show the expected power law

decay characterized by the exponent values 67 = 0.77 £ 0.02 and

6° = 0.85+ 0.02. ¢) Results for the (2+1)-dimensional CKD model,

obtained using L = 100 x 100, t, = 1000 ML, A = 5 and ¢ = 0.13. d)

Log—log plot ot the intertace width W vs deposition time ¢ in ML for

the DT model. The slope manifests a crossover from an initial value

of ~ 0.26 to the asymptotic value of 0.20.|
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The same as in Fig. [3.1] for the low-temperature step fluctuations

via the ED mechanism. (a) The continuum Langevin equation of

Eq. (3.2) (main figure) and the discrete stochastic Racz model (in-

set); (b) experimental data for the Ag(111) step fluctuations; and
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a1

S(t) and C(t) for the Langevin equation of Eq.(1). The dashed lines

are fits of the long-time data to an exponential form. In panels (a-c),

the uppermost plots show the data for C'(¢). Panel (a): L = 100,

0t = 0.625. Panel (b): L = 200, 0t = 2.5. Panel (c¢): L = 400,

ot = 10.0 (upper plot) and o0t = 1.0 (lower plot). Panel (d): Finite-

size scaling of S(¢, L,0t). Results for S for 3 different sample sizes

with the same value of 6¢/L* (z = 2) are plotted versus ¢/L? 103

m2

S(t) and C(t) for the Langevin equation of Eq.(2). In panels (a-c),

the uppermost plots show the results for C'(¢). The dashed lines are

fits of the long-time data to an exponential form. Panel (a): L = 20,

0t = 1. Panel (b): L =40, 0t = 16 (upper plot) and L = 40, 6t =1

(lower plot). Panel (c): L = 80, t = 256. Panel (d): Finite-size

scaling of S(¢, L, dt). Results for S for 3 different sample sizes with

the same value of 6t/L* (z = 4) are plotted versus /L7 104

i3

S(t) and C'(¢) for two experimental systems. The dashed lines are fits

of the long-time data to an exponential form. Panel (a): Al/Si(111)

at T'= 970K. Panel (b): Ag(111) at T = 450K 106

B

S(t, R) for the discrete Family model. The dashed lines are fits of the |

long-time data to an exponential form. The system size i1s L. = 100, |

the sampling time 1s 0¢f = 1.0 and the reference level R takes four |

different values: 0, 1, 2 and 3 (from top to bottom). The inset shows

the dependence of the generalized survival time scale 7,(R) on the

reference level value (up to R = 5). The continuous curve represents

a fit to an exponential decay of 7,(R) vs. R. | 114

B2

S(t, R) for the Family model. The dashed lines are fits of the long—

time data to an exponential form. (a): L = 100 (lower curve) and

L = 200 (upper curve), using fixed sampling time dt = 1 and reference

level R = 1. (b): 6t = 1 (lower plot) and 4t = 16 (upper plot) with

fixed system size L = 200 and R = 1. (c): Scaling of S(t, R) using

different system sizes with 0f and R varied such that 6¢/L7 and R/L®

are kept constant (i.e. §t/L* = 1/10000 and R/L® = 1/4/100). A

perfect collapse of the curves with L=100, 400 and 900, respectively, |

occurs when using z = 2.03 | 117
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6.1

The steady state spatial persistence probability, Pss(x), for (141)—

dimensional EW interfaces with white noise, obtained using the dis-

crete Family model. Panel (a): Double-log plots of Pgs(x) vs x for

a fixed sampling distance oz = 1, using three different values of L,

as indicated in the legend. Panel (b): Double-log plots of Pgg(z) vs

x/dx for a fixed system size, L = 1000, and three different values of

ox, as indicated in the legend.|

131

62

Pss(x), Ppic(x), and Sss(z), obtained from simulations of the Family

model in (141) dimensions. In panels (a) and (b) we show the data for

Pss(z) and Ssg(x), while in panels (¢) and (d) we display the data for

Pric(x). (a): Psg(z) and Sgg(z) for L = 1000, 0x = 1. The dashed

line represents the best fit of the Psg(z) data to a power—law form.

(b): Finite-size scaling of Psg(x, L, dx). Three probability curves are

obtained for three different sample sizes with the same value for the

ratio dz/L = 1/200. (c): Scaling of Pp;c(x, L, 0z, H) for the same

values of L and dx as in panel (b). Pgjc is calculated by sampling

over lattice sites with H = 0. (d): Scaling of Pr;c(x, L,0x, H) for

three different sample sizes with the same value for the ratio dx/L,

sampling over two subsets of lattice sites with the same value of H/L®

(= 0.5): 1/4/200 (upper plot) and 4/4/200 (lower plot).|

134

6.3

The spatial persistence probabilities, Pss(x) and Pro(x), for the

(14-1)-dimensional Kim-Kosterlitz model which is in the KPZ uni-

versality class. As in Fig.[6.2] in panels (a) and (b) we show the data

for Pgg(x). Panels (c) and (d) display the data for Prio(z). (a):

Pgg(x) for L = 1000, 0z = 1. (b): Finite-size scaling of Pss(z, L, 0x).

Three probability curves are obtained tor three different sample sizes

with the same value for the ratio 0x/L = 1/500. (c): Scaling of

Prio(x, L,0x, H), obtained by sampling over the lattice sites with

H = 0, for three different values (same as those in panel (b)) of L

and 0x. (d): Scaling of Ppic(x, L, dx, H) for three different sample

sizes with the same value for the ratio 0x/L, sampling over two sub-

sets of lattice sites with the same value of H/L® (a = 0.5): 1/1/300

(upper plot) and 3/4/300 (lower plot)
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6.4

opatial persistence and survival probabilities for the EW equation

with spatially correlated noise. Panel a): Psg(z) and Sgs(x) using a

fixed system size L = 2°, two values of the noise correlation parameter

(p = 0.1 and 0.2) and sampling distance dx = 1. Panel b): Pp;c(2)

and Spro(z) (inset), using the same parameters as in panel a), and

sampling initial sites from a band of width w = 0.10 centered at the

average height. The straight lines drawn through the data points in

these double-log plots represent power-law fits. |
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(6.5 Finite-size scaling of the persistence probabilities, Pss(z) and Pr;o(x),

and the FIC survival probability Sr;c(z) for the EW equation with

spatially correlated noise. The noise correlation parameter is p = 0.2

and the sampling interval dx takes three different values. Panel a):

The SS persistence probability Psg(z, L, dx) for three different sample

sizes with a constant ratio dz/L = 1/2°. Panel b): The FIC persis-

tence probability Pr;o(x, L, 0x, w) with fixed values of the quantities

dx/L (= 1/2°) and w/L* (= 0.1/2°°), where o = 0.7. Inset: Same

as in the main figure, but for the FIC survival probability.|

142

7

Log-log plot of P(x,s) versus x for the EW equation based on the

direct numerical integration of Eq. (7.1) with z = 2, using a system of

size L = 1000. The average sign parameter takes ten different values

decreasing from s = 1 (bottom curve) to s = —0.8 (top curve) with

an average sign difference As = 0.2. All spatial persistent large de-

viations probabilities show power law decay vs distance for x < L/2.

Finite-size effects are responsible for the deviations of the probabili-

ties from the power law trend at large values of x|

152

72

Log-log plot of simulated P, (¢, s) vs t for the RW problem. The system

size 1s L. = 500 and the average sign parameter takes ten different

values decreasing from s = 1 (bottom curve) to s = —0.8 (top curve)

with As = 0.2 between successive probability curves. All temporal

persistent large deviations probabilities show power law behavior vs

time.|
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73

0,(s) and 6,(s) vs s as extracted from the power-law decay of P(t, s)

(for the RW problem) and P(z, s) (for the EW fluctuating interfaces),

respectively. The increment of the average sign parameter is As =

0.1. The continuous curve represents the theoretical prediction of

Eq. (7.5)
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74

Log-log plot of P.(x,s) for s = 1 corresponding to the EW equation

based on the direct numerical integration of Eq. (7.1) with z = 2,

using three system sizes, as shown in the legend. The straight line

represents the fit for L = 10" simulation, providing an exponent equal

to 1/2.|
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75

Numerical results of Prpjc(x) and Pgg(x) for the LC discrete model

with system size L. = 200. The measurements are performed from

steady-state configurations. Pr;c(x) probabilities have been obtained

by using three different band widths, as shown in the legend. Ppjc(x)

does not display a power-law behavior as a function of x over the

entire range of system size. |
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1. INTRODUCTION

Nonequilibrium surface growth and interface dynamics represent an area of research
that has received much attention in the last two decades [I, 2]. A large number of
discrete atomistic growth models [3, [4, [5] (6, [7, 8, 9], [10] and stochastic growth equa-
tions [11), 12, 13| 14, 15, 16] have been found [I7] to exhibit generic scale invariance
characterized by power law behavior of several quantities of interest, such as the
interface width as a function of time (measured in units of deposited layers) and
space- and time—dependent correlation functions of the interface height. Much effort
has been devoted to the classification of growth models and equations into different
universality classes characterized by the values of the exponents that describe the
dynamic scaling behavior implied by these power laws. A variety of experimental
studies [17), [18] have confirmed the occurrence of dynamic scaling in nonequilib-
rium epitaxial growth. Among the various experimental methods of surface growth,
molecular beam epitaxy (MBE) is especially important because it plays a crucial
role in the fabrication of smooth semiconductor films required in technological ap-

plications. Under usual MBE growth conditions, desorption from the film surface is



negligible and the formation of bulk vacancies and overhangs is strongly suppressed.
It is generally believed that nonequilibrium surface growth under these conditions
is well-described by a conserved nonlinear Langevin—type equation [14 [I5, 16] and
related atomistic models [4, [6, 10, [16] that form the so—called “MBE universality
class”.

Surface growth is an example of a general class of problems involving the dy-
namics of non—Markovian, spatially extended, stochastic systems. In recent years,
the concept of persistence [19], which is closely related to first—passage statistics
[20, 211, 22], has proven to be very useful in analyzing the dynamical behavior of
such systems [23], 24], 25 26, 27, 28], 29, B30]. Loosely speaking, a stochastic variable
is persistent if it has a tendency to maintain its initial characteristics over a long pe-
riod of time. The persistence probability P(t) is typically defined as the probability
that a characteristic feature (e.g. the sign) of a stochastic variable does not change
at all over a certain period of time t. Although the mathematical concept of persis-
tence was introduced a long time ago in the context of the “zero—crossing problem”
in Gaussian stationary processes [31], it is only very recently that this concept has
received attention in describing the statistics of first—passage events in a variety of
spatially extended nonequilibrium systems. Examples of such applications of the
concept of persistence range from the fundamental classical diffusion equation [23]
and diffusion in a random velocity field [24] to the zero temperature Glauber dynam-
ics of the ferromagnetic Ising and g-state Potts models [25, 26], 27, [32] and phase
ordering kinetics [28]. Recently, a generalization of the persistence concept (i.e., the

probability of persistent large deviations) has been introduced [32]. A closely re-



lated idea, that of sign—time distribution, was developed in Ref. [33]. An increasing
number of experimental results are also available for persistence in systems such as
coalescence of droplets [34], coarsening of two—dimensional soap froth [35], twisted
nematic liquid crystal [36], and nuclear spin distribution in laser polarized X e!?°
gas [37].

Recent work of Krug and collaborators [29] B0] has extended the persistence
concept to the first—passage statistics of fluctuating interfaces. Persistence in the
dynamics of fluctuating interfaces is of crucial importance in ultra—small scale solid—
state devices. As the technology advances into the nanometric regime, questions
such as how long a particular perturbation that appears in an evolving interface
persists in time and what is the average time required for a structure to first fluctu-
ate into an unstable configuration become important. The persistence probability
can provide quantitative predictions on such questions. Recent experiments |38, [39,
40, [41] have demonstrated the usefulness of the concept of persistence in the char-
acterization of the equilibrium fluctuations of steps on a vicinal surface. Analysis of
experimental data on step fluctuations on Al/Si(111) surfaces [38, 41], on Ag(111)
films grown on mica [39, [41], and on screw dislocations on the facets of Pb crystal-
lites [39, 40] has shown that the long—time behaviors of the persistence probability
and the probability of persistent large deviations in these systems agree quantita-
tively with the corresponding theoretical predictions. These results show that the
persistence probability and related quantities are particularly relevant for describing
and understanding the long—time dynamics of interface fluctuations. More complex

theoretical models that describe the dynamics of coupled fluctuating interfaces [42],



for example, can be understood by performing a persistence analysis.

The persistence probability P(t), defined as the probability that the position
(“height”) of the step edge at a point along a fluctuating step does not return to its
initial value (at time t = 0) over time ¢ is found [29] B0}, B8, B9 40] in these studies
to decay in time as a power-law, P(t) o< t=?, for large ¢, where 6 is the so-called
persistence exponent. Similar power-law behavior of the persistence probability has
also been found in experiments for other physical processes [34, 35, 36, B7]. Tt
turns out that the precise definition of P(t) is absolutely crucial for the power-
law behavior discussed in the recent surface fluctuations literature. If, instead of
considering the probability of not returning to the initial position, one defines a
survival probability, S(t), as the probability of the dynamical step height (at a fixed
but arbitrary spatial location) not returning in time ¢ to its average (“equilibrium”)
level, then, quite surprisingly, it was found in a recent experimental study [38] of
thermal fluctuations of surface steps that S(¢) actually manifests, in sharp contrast
to the power-law behavior of P(t), an exponential decay, S(t) o< exp(—t/7s), at long
times, where 7y is the survival time scale. This exponential behavior of S(t) has been
explained theoretically and verified numerically in Ref. [43] and its generalization is
presented in Ref. [44].

Another quantity of interest in the study of the statistics of spatially extended
systems is the natural analog of the temporal persistence (survival) probability, the
spatial persistence (survival) probability. This idea has been investigated theoreti-
cally [45] in the context of the persistence of (d+ 1)-dimensional Gaussian interfaces
with dynamics described by linear Langevin equations, where the variable undergo-

4



ing stochastic evolution is the height h(x,t) of the interfacial sites (z is the lateral
position along the interface and t is the time). The spatial survival probability of
fluctuating interfaces has not been approached before.

Motivated by the tremendous resources of the first—passage statistical con-
cepts (such as persistence, survival, persistent large deviations and generalized sur-
vival probabilities) for understanding the spatial/temporal evolution of a variety
of stochastic variables, we show in this work how these concepts apply to fluctu-
ating growing surfaces and interfaces and what type of information they provide.
We investigate in detail their scaling behaviors, emphasizing the effect of the sam-
pling procedure on the interpretation of the first—passage probabilities and corre-
lation functions. Below we describe the stochastic growth equations relevant for
surface growth phenomena and interface dynamics, belonging to different universal-
ity classes, and the atomistic models associated with these classes. We also introduce
the definitions of the first—passage statistical concepts mentioned above. In Chapter
2, we show the numerical results for P(t) corresponding to several growth models,
emphasizing the results for the growth models in the nonlinear MBE universality
class. Chapter 3 presents the generalization of P(t) using the concept of persistent
large deviations probability and its associated family of persistent large deviations
exponents. In Chapters 4 and 5, we discuss the survival probability and its general-
ization, respectively. The spatial persistence and survival probabilities are described
in Chapter 6 and finally, in Chapter 7, we show how particular temporal and spatial
first—passage statistical concepts can be related to each other through an isomor-

phic mapping procedure. Our conclusions and outlook for future open questions



are presented in Chapter 8. In the Appendix section we present the transient and
steady—state behaviors of the autocorrelation functions relevant for surface growth
phenomena. We also describe the persistence properties of the fractional Brown-
ian motion and give hints on the calculation of the persistence exponent for simple

stochastic processes.

1.1 Stochastic growth equations and dynamic scaling

The dynamic scaling behavior of stochastic growth equations may be classified into
several universality classes. Each universality class is characterized by a set of
scaling exponents [I, 2] which depend on the dimensionality of the problem. These
exponents are («, 3, z), where « is the roughness exponent describing the dependence
of the amplitude of height fluctuations in the steady-state regime (¢ > L?) on the
sample size L, 3 is the growth exponent that describes the initial power law growth
of the interface width in the transient regime (1 < t < L?), and z is the dynamical
exponent related to the system size dependence of the time at which the interface
width reaches saturation. Note that z = «/ for all the models considered in this
work. To describe the interface evolution we use the single-valued function, h(r,t),
which represents the height of the growing sample at position r and deposition
time t. The interfacial height fluctuations are described by the root-mean—squared
height deviation (or interface width) which is a function of the substrate size L and

deposition time t:

W(L,t) = ((h(r,t) — h(t)))V2, (1.1.1)



where h(t) is the average sample thickness. The width W (L, t) scales as W (L, t) oc t?
for t < L# and W(L,t) oc L* for t > L* [46], L* being the equilibration time of the
interface, when its stationary roughness is fully developed.

Since it is convenient to write the evolution equations in terms of the devia-
tion of the height from its spatial average value, h(r,t) — h(t), from now on we will
denote by h(r,t) the interface height fluctuation measured from the average height.
Extensive studies of dynamic scaling in kinetic surface roughening (for an extended
review see Ref. [17]) have revealed the existence of (at least) four universality classes
that are described, in the long wavelength limit, by the following continuum equa-
tions and sets of scaling exponents (a, 3, z), shown for the 141(2+1)-dimensional
cases, respectively:

(1) The Edwards—Wilkinson (EW) second order linear equation: 1/2, 1/4, 2 (0 (log),

0 (log), 2)
Oh(r,t)
ot

= 1, V2h(r,t) + n(r, 1), (1.1.2)

(2) The KPZ second order nonlinear equation: 1/2, 1/3, 3/2 (~ 0.4, =~ 0.24,

~ 1.67)

Oh(r,t)

5 o V2h(r,t) + \o| Vh(r, ) |* + n(r, 1), (1.1.3)

(3) The Mullins-Herring (MH) fourth order linear equation: 3/2, 3/8, 4 (1, 1/4, 4)

Oh(r,t)

e —uyVAh(r,t) + n(r,t), (1.1.4)

and

(4) The MBE fourth order nonlinear equation: ~1,~1/3,~3 (~2/3,~1/5,



~ 10/3)

Oh(r,t)

5 =~V () + Ao V2 (Vh(r, £) +n(r.2), (1.1.5)

where v; (=2, 4) and \; (j=2, 22) are constant. The quantity n(r,t) represents the
noise term which accounts for the random fluctuations in the deposition rate. We

assume that the noise has Gaussian distribution with zero mean and correlator

(n(r1,t1)n(ra, t2)) = Do(r1 — 12)0(t1 — t2), (1.1.6)

D being a constant related to the strength of the bare noise. Note that we do not
include the (trivial) constant external deposition flux term in the continuum growth
equations since that is easily eliminated by assuming that the height fluctuation
h is always measured with respect to the average interface which is growing at a
constant rate.

The concepts of universality classes and scaling exponents have been widely
used in the literature to analyze the kinetics of surface growth and fluctuations. Our
study based on persistence probabilities is motivated by the possibility that the con-
cept of persistence may provide an additional (and complementary) tool to analyze
the surface growth kinetics. It addresses fundamental questions such as: is persis-
tence an independent (and new) conceptual tool for studying surface fluctuations
or essentially equivalent (or perhaps complementary) to dynamic scaling? and does
persistence lead to the definition of new universality classes on the basis of the values
of the persistence exponent? To answer these questions, we consider in Chapter 2,

for each of the four universality classes mentioned above (i.e. Egs. (1.1.2)—(1.1.5))),

at least one growth model and investigate how the associated persistence exponents



are related to the dynamic scaling exponents mentioned above.

In this work we also consider the 1-dimensional model characterized by § =
1/8 which describes an equilibrium surface relaxing through surface diffusion (known
as the step—edge diffusion (SED) mechanism [47]), corresponding to z =4, a = 1/2

and volume conserving noise with correlator:
(Me(, (1)) oc V2(n(x, t)n(z', 1)) = V25(z — 2)6(t — ). (1.1.7)

This case applies to low temperature step fluctuations dominated by atomic diffusion

along the step edge, described by a fourth order conserved linear Langevin equation:

Oh(z,t) _84h(x, t)

ot oxt

+ ne(z, 1) (1.1.8)

1.2 Atomistic growth models

Besides the stochastic continuum growth equations that describe the interface at
large length scales and focus on its asymptotic coarse—grained properties, one can
also use atomistic growth models to study the kinetics of surface growth and fluc-
tuating interfaces.

In this study we use different atomistic limited—mobility growth models for
simulating surface growth processes. In these models, the substrate consists of a
collection of lattice sites labeled by the index j (j = 1,2,...,L%) and the height
variables h(x;) take integral values. The term “limited-mobility” is meant to imply
that in these models, each adatom is characterized by a finite diffusion length which

is taken to be one lattice spacing in most of the models we consider here. Thus, a



deposited atom can explore only a few neighboring lattice sites according to a set of
specific mobility rules before being incorporated into the growing film. The solid—
on—solid constraint is imposed in all these models, so that defects such as overhangs
and bulk vacancies are not allowed. In most of the models considered in this work,
the possibility of desorption is neglected, thereby making the models “conserved”
in the sense that all deposited atoms are incorporated in the film; the noise (given
by Eq. ) is of course nonconserved since the system is open to the deposition
flux.

The deposition process is described by a few simple rules in these models. An
atomic beam drops atoms on the substrate in a random manner. Once a lattice site
on the substrate is randomly chosen, the diffusion rules of the model are applied to
the atom dropped at the chosen site to determine where it should be incorporated.
The allocated site is then instantaneously filled by the adatom. We consider both
(1+1)- and (2+1)— dimensional models (one or two spatial dimensions and one tem-
poral dimension) defined on substrates of length L in units of the lattice spacing.
The deposition rate is taken to be constant and equal to L? particles per unit time
in our simulations of the Family (F), larger curvature (LC), Das Sarma—Tamborenea
(DT), Wolf-Villain (WV) and controlled Kim-Das Sarma (CKD) models (see be-
low). In these simulations, one complete layer is grown in each unit of time. In the
RSOS Kim-Kosterlitz (KK) and Kim-Park-Kim (KPK) models described below,
the diffusion rules are replaced by a set of local restrictions on nearest-neighbor
height differences, which have to be satisfied after the deposition. The randomly

chosen deposition site is rejected (the atom is not deposited) if these restrictions
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are not satisfied. As a consequence, the number of deposition attempts does not
coincide with the number of successful depositions in the KK model, although they
are linearly related.

All conserved growth models satisfy the conservation law

Oh(r,t)
ot

=—V-j(r,t) +n(r,t), (1.2.1)

where j is the surface current and 7 is the noise term. Using different expressions,
dictated primarily by symmetry considerations, for the current j, one can obtain all
the conserved Langevin equations discussed in Sec. [I.1} The atomistic growth mod-
els considered in our work provide discrete realizations of these continuum growth
equations.

It is known that some of the discrete growth models we study here have com-
plicated transient behavior [48], 49]. For this reason, obtaining the dynamic scaling
exponents that show the true universality classes of these models is often quite diffi-
cult. To make this task easier, the noise reduction technique [50} [51] was introduced
in simulations of such models. It has been shown [52] that this technique helps in
suppressing high steps in the models and reduces the corrections in the scaling be-
havior, so that the true asymptotic universality classes of the growth models can be
seen in simulations that cover a relatively short time. This makes it interesting to
examine whether the persistence probabilities in these discrete models also exhibit
similar transient behavior, and whether the noise reduction technique can help in
bringing out the true persistence exponents of these models. To investigate this, we

have applied the noise reduction technique to some of the discrete models studied
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in this work.

The noise reduction technique can be easily incorporated in the simulation
of any discrete growth model by a small modification in the diffusion process [52].
When an atom is dropped randomly, the regular diffusion rules for the growth model
are applied and the final allocated site is chosen. Instead of adding the atom at that
final site, a counter at that site is increased by one but the height of that site
remains unchanged. When the counter of a lattice site increases to the value of a
pre—determined noise reduction factor, denoted by m, the height at that lattice site
is increased by one and the counter of that site is reset back to zero. The value
of the noise reduction factor m should be chosen carefully. If m is too small, the
suppression of the noise effect is not enough and the true universality class is not
seen. However, if m is too large, the kinetically rough growth becomes layer—by—
layer growth [53] and the universality class of the model cannot be determined.

The atomistic models considered in our work are defined below.

(i) Family model: The Family (F) model [3] is an extensively studied SOS
discrete stochastic model, rigorously known to belong to the same dynamical uni-
versality class as the EW equation. It allows the adatom to explore within a fixed
diffusion length to find the lattice site with the smallest height where it gets incor-
porated. If the diffusion length is one lattice constant (this is the value used in our
simulations), the application of this deposition rule to a randomly selected site j
involves finding the local minimum height value among the set: h(x;_;), h(z;) and
h(xj41) (in (141)-dimensions). The height of the site with the minimum height is
then increased by one.

12



(ii) Larger curvature model: The Kim-Das Sarma model [6] is a more
complex one which allows the atomic surface current j to be written as a gradient
of a scalar field K, j = —V K, which can depend on h, V?h, |Vh|* and so on. In the
particular case when K = —V?2h, one obtains the so—called larger curvature (LC)
model. As the name suggests, the diffusion rules applied to a randomly selected
site j allow the adatom to get incorporated at the site in the neighborhood of site j
where the local curvature (given by h(xj1)+h(xj_1) —2h(x;) in (141)-dimensions)
has the largest value. The LC model asymptotically rigorously belongs to the MH
universality class described by Eq. .

(iii) Wolf-Villain model: The diffusion rules of the Wolf-Villain (WV)
model [5] allow the adatom to diffuse to its neighboring sites in order to maxi-
mize its local coordination number which, for the (141)—dimensional case, varies
between 1 and 3 when the bond with the atom lying below the site under consid-
eration is taken into account. In contrast to the F model, in this case the surface
develops deep valleys with high steps almost perpendicular to the substrate. For the
range of times and sample sizes used in the present study, the WV model may be
considered to belong to the MBE universality class [5, 48] described by Eq. (L.1.F)).
However, recent studies [52, [54] have shown that the asymptotic universality class
of this model in (1+1)-dimensions is the same as that of the EW equation. In
contrast, in (2+1)-dimensions, studies based on the noise reduction technique [55]
have revealed that the WV model exhibits at very long times unstable (mounded)
dynamic universality which cannot really be described by any of the continuum

equations (Eqs. (1.1.2)-(1.1.4))) given above.
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(iv) Das Sarma—Tamborenea model: The Das Sarma-Tamborenea (DT)
model [4] is characterized by diffusion rules that are slightly different from those in
the WV model. In this case, the diffusing atom tries to increase its coordination
number, not necessarily to mazimize it. For example, if a randomly selected depo-
sition site has its local coordination number equal to 1 (i.e. no lateral neighbor in
(1+1)-dimensions), and the two neighbors of this site have coordination numbers
equal to 2 and 3, the deposited atom does not necessarily move to the neighboring
site with the larger local coordination number: it moves to one of the two neighbor-
ing sites with equal probability (the atom would necessarily move to the site with
coordination number 3 in the WV model). This minor change in the local diffusion
rules actually changes the asymptotic universality class: the (14-1)-dimensional DT
model belongs to the MBE universality class [52] 55] corresponding to the nonlinear
continuum dynamical equation of Eq. (1.1.5). However, the (2+1)-dimensional DT
model asymptotically belongs to the EW universality [55] at very long times.

(v) Controlled Kim—Das Sarma model: The Kim—Das Sarma model men-
tioned above provides a discrete realization of the continuum equation of Eq.
if the scalar field K is chosen to be K = —V?h + \y(Vh)?. However, the discrete
treatment of the spatial gradients produces strong instabilities in the growth pro-
cess due to uncontrolled growth of isolated structures, such as pillars or grooves.
These instabilities can be easily controlled by introducing higher order nonlinear
terms [16]. We call this new model the controlled Kim-Das Sarma (CKD) model.

In this model, the scalar field K is chosen to be K = —V?2h + \gs f(|]Vh|?), where

14



the nonlinear function f is given by

— e—clVhP
Fwn = 22 (1.22)

with ¢ > 0 being the control parameter. The CKD diffusion rules for a randomly
chosen deposition site, j, imply the minimization of the scalar field K, using the

standard discretization scheme for the lattice derivatives V2h and Vh:

(V2h)j; = h(xj41) + hzj1) — 2h(z;) (1.2.3a)

VA = 5 [hase1) — hlas-)]? (1.2.3b)

A~ =

in (141)-dimensions. By carefully choosing the values for ¢ and Ay [16], one can
remove the nonlinear growth instabilities completely and ensure an overall behavior
of the CKD model similar to that of the DT model.

(vi) Kim—Kosterlitz and Kim—Park—Kim models: For completeness, we
also present in this chapter the results for the RSOS Kim—Kosterlitz (KK) [8, 9]
and Kim—Park-Kim (KPK) [10] models which are known to belong asymptotically
to the KPZ and MBE universality classes, respectively. The common feature of
these two models is the replacement of the usual diffusion rules of the SOS models
described above by local restrictive conditions controlling nearest—neighbor height
differences.

In the KK model, deposition sites are randomly chosen, but the incorporation
of the adatoms into the substrate is subject to a specific restriction: the deposition
event occurs if and only if the absolute value of the height difference between the ran-

domly selected deposition site, 7, and each of its nearest—neighboring sites remains
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smaller than or equal to a positive integer n after deposition (our simulations were
done for n = 1). If this strict constraint is not satisfied, the attempted deposition
of an adatom is rejected, and the random selection of the deposition site is repeated
until the deposition is successfully done. Since every attempt to deposit an adatom
is not successful, the definition of “time” in this model is not quite the same as that
in the other models where every deposition attempt leads to the incorporation of a
new adatom in the growing film. In the KK model, the “time” is equivalent to the
average height, which is not the same as the number of attempted depositions per
site (these two quantities are the same in the other models considered here). The
KK model is known to belong to the KPZ universality class, and in fact provides
the most numerically efficient and accurate method for calculating the KPZ growth
exponents.

Kim et al. [10] discovered that a slight change in the algorithm for choosing
the incorporation site transforms the KK model into a new one, the KPK model,
that belongs to the MBE universality class. The change consists of extending the
search for appropriate incorporation sites (i.e, sites where the constraint on the
absolute values of the nearest—neighbor height differences would be satisfied after the
incorporation of an adatom) to the neighbors of the originally selected deposition site
j. If the original site does not satisfy the constraint, then the neighboring sites (j£1
in (14+1) —dimensions) are checked, and an adatom is incorporated at one of these
sites if the incorporation does not violate the constraint. Otherwise, the search is
extended to the next-—nearest—neighbors of j, and so on until a suitable incorporation
site is found. We mention that in our implementation of this process, if, for example,
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both the sites j — k and j + k are found to be suitable for incorporation, then one of
them is chosen randomly without any bias. Application of this algorithm in (241)—
dimensions involves extending the search for suitable incorporation sites to those
lying inside circles of increasing radii around the randomly selected deposition site
j. The diffusion and incorporation rules of the KPK model [10] lead essentially to
a conserved version of the Kim—Kosterlitz RSOS model, and as such the continuum
growth equation corresponding to the KPK model is the conserved KPZ equation
(with nonconserved noise), which is precisely the MBE equation; Eq. is the
conserved version of Eq. with nonconserved noise in both.

(vii) Racz model: The Racz model, introduced in Ref. [56], provides a dis-
crete realization of the continuum equation of Eq. with conserved noise,
which means that the volume enclosed by the interface is conserved. In this model

the nearest—neighbor height differences are restricted to:
hj1 — hy| < 2. (1.2.4)

In one simulation step a site j is randomly chosen. A diffusion move to a randomly
chosen neighbor takes place if the above restrictive condition is satisfied, otherwise

a new random site is selected and the procedure follows in the same way.
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1.3 First—passage statistics of fluctuating interfaces

1.3.1 Transient and steady—state persistence probabilities

Let us introduce the definitions of the positive and negative persistence probabilities
(Py(to,to+1)) for a growing (fluctuating) interface in the transient and steady—state
regimes. These definitions can be extended to any stochastic variable. Here t is
the initial time, and we are interested in evaluating the probability of the height
at a fixed position remaining persistently above (Py) or below (P-) its initial value
(i.e. its value at ¢y by definition) during the time period between t, and ¢y + ¢. If
one considers the special case ¢ty = 0, when the interface is completely flat, then
the quantity of interest is the probability that the interfacial height (measured from
its spatial average) does not return to its initial zero value up to time ¢. This case
is known as the transient (T) regime. For values of ¢ that are small compared to
the time scale for saturation of the interface width (. (L) o< L?), the persistence

probabilities in this regime are expected to exhibit a power law decay in time:

PL(0,t) o G)ﬁ : (1.3.1)

where 01 are called the transient positive and negative persistence exponents. In
the particular case of linear continuum growth equations, these exponents are equal
because the symmetry under a change of sign of A(r, ) remains valid at all stages
of the growth process. However, in the case of dynamics governed by nonlinear
continuum equations, the lack of this “up—down” interfacial symmetry implies that

P, and P_ (and therefore, the exponents 61 and ) would, in general, be differ-

18



h(Xj , tO])
0t

Figure 1.1: Schematic representation of the positive and negative persistence prob-

abilities calculation for a stochastic variable h(z;,t) at a fixed point z;.

ent from each other. No universal relationship between the transient positive and
negative persistence exponents and the dynamic scaling exponents is known to exist
for any one of the four universality classes mentioned above. On the other hand, if
one considers ty larger than t., (L), then the quantity of interest is the probability
that the interfacial height at a fixed position does not return to its specific value at
initial time ¢y during the subsequent time interval between ¢y and ty + t. Instead of
being flat, the interface morphology at time ¢y has completely developed roughness,
which produces persistence exponents that are different from the transient expo-
nents defined earlier. This case is known as the steady—state (S) regime. If t < L*,

one expects to obtain in this regime the steady—state persistence probability with a
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power law decay in time [29]

1\ %
Pf(tojg—l—t)m(;) : (1.3.2)

where 6% are the steady—state positive and negative persistence exponents. It has
been pointed out by Krug et al. [29] that for systems described by linear Langevin
equation, the steady—state persistence exponents are related to the dynamic scaling

exponent 3 in the following way:
07 =0°=1-0. (1.3.3)

The exponent ( is well known for linear Langevin equations for surface growth
dynamics, and is given in d-dimensions by 5 = (1 — d/z)/2 for nonconserved white
noise (Eq. (1.1.6), where z, the dynamical exponent, is here precisely equal to

the power of the gradient operator entering the linear continuum dynamical growth

equation (i.e. z = 2 in Eq. (1.1.2); 2 = 4 in Eq. (1.1.4))). The relation defined by

Eq. (1.3.3)) holds true for the Langevin equations of Eqs. (1.1.2)) and ([1.1.4)), which

are obviously linear, as well as for the special case of the (141)-dimensional KPZ
equation of Eq. [30], which, despite its nonlinearity, behaves as the linear EW
equation in the steady state. Since the positive and negative exponents are expected
to be different for general nonlinear Langevin equations, the relation of Eq.
can not be valid for both 9_5; and 6° in systems described by such nonlinear equations.
Therefore, at least one (or perhaps both) of these two persistence exponents must be
non—trivial in the sense that it is not related to the usual dynamic scaling exponents.

For this reason we pay particular attention to the MBE nonlinear equation and
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investigate in Chapter 2 whether its persistence exponents can be related to the
dynamic scaling exponents.

For a better understanding of the persistence probability concept we show in
Fig. two intervals where the height variable is always above its initial value, i.e.,
P (t)) =1, V tg <t <ty +t, and also always below the original value, i.e.,
P_(t3) =1, V tog <t < tog +ta, respectively. In real calculations, the probabilities
are averaged over all the possible choices of the initial times tq,, with n = 1,2, ...

and all the realizations of the height stochastic variable.

1.3.2 (Generalized persistence: Probability of persistent large
deviations

The step height h(x,t) can be alternatively described by a new stochastic variable,
S(t) = sign [h(z,to + t) — h(z,tp)]. We can average it and obtain the so—called
average sign variable, Say(t) = ¢t} f; dt’ S(t'). Then, the probability of persistent
large deviations, P(t, s), is defined as the probability for the “average sign” Say of
the height fluctuation to remain above a certain pre-assigned value “s” up to time
t:

P(t,s) = Prob { Say(t) > s, V' <t }. (1.3.4)

The calculation of P(t, s) is shown schematically in Fig. [1.2] Since Sav(t) € [-1,1],
the probability P(t,s) is defined for —1 < s < 1. For s = 1 we recover the usual
persistence probability: P(t) = P(t,s = 1) measures the probability of the height

fluctuation remaining above zero (“positive”) throughout the whole time interval.

21



Temporal evolution for a fixed position
Reference height at t=0

0 1 2 3 4 5 6 7 8 9 10

Average sign

Fixed value of the average sign

Figure 1.2: Temporal evolution of the height variable h(x;,t) at a fixed position
x; (top) and the representation of the associated average sign variable vs. time
(bottom). At time t = 7 the persistent large deviations probability vanishes because

the average sign becomes smaller than s.
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For s = —1 the probability P(t,s = —1) is trivially equal to unity for all £. We
will show in Chapter 3 that the evolution of P(¢,s) in time follows a power—law,
P(t,s) ~ t~%) where 6;(s) represents the family of persistent large deviations
exponents, making this probability an extremely useful concept for probing the
universality class of the underlying dynamic process. P(t,s) and 6,(s) are natural
generalizations of the persistence probability P(¢) and the persistence exponent 0,
respectively, to the broader concept of distribution of residence times with limiting

behavior (i.e. s = 1) determining the usual persistence exponent.

1.3.3 Survival probability

Instead of considering the probability of not returning to the initial position, we
define a survival probability, S(t), as the probability of the dynamical step height
(at a fixed but arbitrary spatial location) not returning in time ¢ to its average
(“equilibrium”) level (denoted by h). In a recent experimental study [38] of thermal
fluctuations of surface steps, it was found that S(t) has an exponential decay, S(t) o
exp(—t/7s), at long times, where 7, is the survival time scale. The formal definition

of this probability reads:

S(t) = Prob { h(z,t') > h, Vto <t <tg+t}. (1.3.5)

The calculation of both persistence and survival probabilities is depicted in Fig. [1.3]
h(t) is the height stochastic variable and 0t is the sampling time (i.e., the interval
between two successive measurements of the height value). The persistence/survival

clock ticks as long as the probability remains equal to 1. We see that the persistence
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h(t)

o ot 25t 3ot adt sot
@ @ @ @ @ @ Persistence clock

LDl survival clock

Figure 1.3: Schematic representation of the survival probability calculation for a
stochastic variable h(t). The clock, shown in the bottom of the figure, runs if the
probability remains 1 (i.e., if the average height level has not been reached). The

persistence probability clock is shown for comparison.
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clock stops at t = 20t because the height reaches its original value for ¢ > 2dt.
However, the survival clocks continues to run until £ = 36t and afterwards, since the

average value h is reached at ¢ = 44t, the survival probability vanishes.

1.3.4 Generalized survival probability

For equilibrium step fluctuations, we define the generalized survival probability with
respect to the height reference level R, S(t, R), as the probability for the height

variable to remain consistently above a certain pre-assigned value “R” over time ¢:

S(t,R) = Prob { h(z,t') > R, Vio <t <to+t}, (1.3.6)

where h(z,t) is the dynamical height of the interface at a fixed lateral position z at
time ¢, and % is the initial time of the measurement. Although the above definition
involves the dynamical variable h(z,t) defined for a particular lateral position z,
we take a statistical ensemble average over all lateral positions to obtain a purely
time dependent stochastic dynamical quantity S(¢, R). Obviously, another quantity
that can be measured is the probability for the height stochastic variable to remain
below the reference level up to time ¢. Since we will consider the dynamics of the
interface fluctuations obeying a linear stochastic equation, the interface preserves
the up-down symmetry along the direction perpendicular to the step edge. As
a consequence, the average of the probabilities of remaining always above R and
below —R, with R > 0, will be our measured generalized survival probability. For

R = 0 we obtain the usual survival probability.
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1.3.5 Spatial persistence and survival probabilities

Obviously, the same type of persistence and survival questions, addressed previously
to the temporal evolution of the variable h(x,t), can now be formulated in terms of
the stochastic spatial evolution at a fixed time. The spatial persistence probability
of fluctuating interfaces, denoted by P(z,z¢ + x), is simply the probability that
the height of a steady-state interface configuration, measured at a fixed time tg,
does mot return to its “original” value h(xg,tp) at the initial point x, within a
distance x measured from z( along the interface. In the long-time, steady-state limit,
the spatial persistence probability, which depends only on x for a translationally
invariant interface, has been shown [45] to exhibit a power-law decay, P(xo, zo+x) ~
279 One of the interesting results reported in Ref. [45] is that the spatial persistence
exponent 6 can take two values determined by the initial conditions or selection rules
imposed on the starting point xy: 1) 6 = fgg, the “steady state” (SS) persistence
exponent if xg is sampled uniformly from all the sites of a steady-state configuration;
and 2) 0 = Opjc, the so-called finite-initial-conditions (FIC) persistence exponent if
the sampling of x( is performed from a subset of steady-state sites where the height
variable and its spatial derivatives are finite. The spatial persistence probabilities
obtained for these two different ways of sampling the initial point are denoted by

Pss(xo, z0 + x) and Ppro(xo, zo + x), respectively, and their definitions are:

Pss (o, xo + x) = Prob { sign [h(xg + 2') — h(x)] = constant ,

V0<$/§ZL‘,VZL‘Q€SSS}, (137)
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and
Pric(zg, zo + ) = Prob { sign [h(zo + 2') — h(xo)] = constant,
VOo<z' <x,Vag€Sric}. (1.3.8)
The spatial survival probabilities corresponding to the SS and FIC conditions
are calculated similarly to the corresponding persistence probabilities, except that
the stochastic variable under consideration becomes h(zg + x’) — (h). Thus,
Sss(xg, o + x) = Prob { sign [h(zg + 2") — (h)] = constant ,
VOo<a' <z, Vua€Sss }, (1.3.9)
and
Srrc(xg, xo + x) = Prob { sign[h(zg + 2") — (h)] = constant

Vo<a' <z,Vazo€Sric}. (1.3.10)
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2. PERSISTENCE IN NONEQUILIBRIUM SURFACE

GROWTH

As we have seen in Chapter 1, in the context of surface growth and fluctuations, the
persistence probability P(tq,to + t) may be defined as the probability that starting
from an initial time ¢y, the interfacial height h(r,t") at spatial position r does not
return to its original value at any point in the time interval between ty and ty + ¢.
This probability is clearly the sum of the probabilities of the height A(r,t") always
remaining above (the positive persistence probability P,) and always remaining
below (the negative persistence probability P_) its specific initial value h(r,tg) for
all tg < ' <ty+t. This concept quantifies the tendency of a stochastic field (in our
case the interface height) to persistently conserve a specific feature (the sign of the
interfacial height fluctuations). The persistence probability P(tg,to + t) would, in
general, depend on both ¢y and ¢. In the early stage of the growth process starting
from a flat interface (transient regime), the interface gradually develops dynamical
roughness [I], 2] due to the effect of fluctuations in the beam intensity. In this regime,
the choice of the initial time ty is clearly important: it determines the degree of
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roughness of the configuration from which the interface evolves. At long times, the
growing interface enters into a new evolution stage, called the steady—state regime,
characterized by fully developed roughness that does not increase further in time.
In this regime, the choice of ¢ is expected to be unimportant.

The work of Krug et al. [29] shows that for a class of linear Langevin—type
equations for surface growth and atomistic models belonging in the same dynamical
universality class as these equations, the persistence probability decays as a power
law in time for long times in both transient and steady—state regimes. These power
laws define the positive and negative persistence exponents, §1 and 07, for positive
and negative persistence in the transient and steady—state regimes, respectively. The
h — —h symmetry of the linear growth equations implies that 67 = 67 and 05_ =0°
in these systems. In Ref. [29], it was pointed out that the persistence exponent in
the steady state of these linear models is related to the dynamic scaling exponent
0, that describes the growth of the interface width W as a function of time ¢ in the
transient regime (W oc t%), through the relation 9_5; = 0% =1 — 3. The validity of
this relation was confirmed by numerical simulations. Since the exponent [ is the
same for all models in the same dynamical universality class, this result implies that
the persistence exponent in the steady—state regime of these linear models is also
universal. Numerical results for the persistence exponent in the transient regime,
for which no analytic predictions are available, also indicate a similar universal-
ity. Kallabis and Krug [30] carried out a similar calculation for (1+1)-dimensional
Kardar—Parisi-Zhang (KPZ) [13] interfaces. They found that the nonlinearity in the

KPZ equation that breaks the h — —h symmetry is reflected in different values of
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the positive and negative persistence exponents, GSC and 7, in the transient regime.
The values of the steady—state persistence exponents Qi and 6% were found to be
equal to each other, and equal to 1 — § within the accuracy of the numerical results.
This is expected because the h — —h symmetry is dynamically restored in the
steady state of the (141)—dimensional KPZ equation. This is, however, a specific
feature of the (14+1)-dimensional KPZ model, which for nongeneric reasons, turns
out to be up—down symmetric in the steady state. Nonlinear surface growth mod-
els (e.g. the higher dimensional KPZ model, the nonlinear MBE growth model) are
generically expected to have different values of 61 in both transient and steady—state
regimes.

In this chapter, we present the results of a detailed numerical study of the
persistence behavior of several atomistic, solid-on—solid (SOS) models of surface
growth in (1+1) and (2+1) dimensions. While we concentrate on models in the
MBE universality class, results for a few other models, some of which have been
studied in Refs. [29] and [30] are also presented for completeness. The highly non—
trivial nature of the persistence probability, in spite of a deceptive simplicity of
the defining concept, arises from the complex temporal non—locality (“memory”)
inherent in its definition. In fact, there are very few stochastic problems where an
analytical solution for the persistence probability has been achieved. These include
the classical Brownian motion [57], the random acceleration problem [58] and the
one dimensional Ising and g-state Potts models [26]. In general, the highly nonlocal
nature of the temporal correlations in a non-Markovian stochastic process makes

it extremely difficult to obtain exact results for the persistence probability even for
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seemingly simple stochastic processeﬂ. Even for the simple diffusion equation, the
persistence exponent is known only numerically, or within an independent interval
approximation [23] or series expansion approach [59]. However, it is fairly straight-
forward in most cases to directly simulate the persistence probability to obtain its
stationary power law behavior at large times, and thus to numerically obtain the
approximate value of the persistence exponent. For this reason, we use stochastic
(Monte Carlo) simulations of the atomistic growth models to study their temporal
persistence behavior in the transient and steady—state regimes. These models are
defined in terms of random deposition and specific cellular-automaton—type local
diffusion or relaxation rules. Some of these models are of the “limited-mobility” type
in the sense that the surface diffusion rules or local restrictions limit the character-
istic length over which a deposited particle can diffuse to just one or a few lattice
spacings. The models in the MBE universality class considered in our study are:
the Das Sarma-Tamborenea model [4], the Wolf-Villain model [5] ] the Kim-Das
Sarma model [6] and its “controlled” version [16], and the restricted solid—on—solid
(RSOS) model of Kim at al. [10]. We also present results for the Family model [3]

that is known to belong to the Edwards-Wilkinson [12] universality class and the

'Tn the appendix we explain in detail why the analytical calculation of @ is difficult for surface

growth models.

2The asymptotic long—time behavior of the (1+1)-dimensional Wolf-Villain model is known to
be in the Edwards—Wilkinson universality class. However, its behavior in the relatively short—time
regime considered here is expected to be similar to that of other models in the MBE universality

class.
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restricted solid-on—solid (RSOS) model of Kim and Kosterlitz [§] that is in the KPZ
universality class.

The main objective of this chapter is to examine the effects of the nonlinearity
in the MBE growth equation [I4] [I5] on the persistence behavior. Unlike the (1+1)—
dimensional KPZ equation, the nonlinearity in the MBE growth equation persists
in the steady state in the sense that the height profile exhibits a clear asymmetry
between the positive and negative directions (above and below the average height).
Therefore, the positive and negative persistence exponents Qi and 0° are expected
to have different values in these models. If this is the case, then the relation between
the steady—state persistence exponent and the dynamic scaling exponent ( found
in linear models can not be valid for both H_f and #°, indicating that at least one
of these exponents is a new, nontrivial one not related to the usual dynamic scaling
exponents. The values of Qi and #° and their relation to 3, as well as the values of
the transient persistence exponents 01 and 67 are the primary questions addressed
in our study. We also investigate the universality of these exponents by measuring
them for several models that are known to belong in the same universality class
as far as their dynamic scaling behavior is concerned. To obtain accurate values
of the exponents, the “noise reduction” technique [52] is employed in some of the
simulations of (1+1)-dimensional models. We also address some questions related
to the methodology of calculating persistence exponents from simulations. Since
the value of the dynamical exponent z is relatively large for models in the MBE
universality class, the time required for reaching the steady state grows quickly as
the sample size L is increased (ts; o< L?). As a result, it is difficult to reach the
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steady state in simulations for large L. It is, therefore, useful to find out whether the
value of the steady—state persistence exponents can be extracted from calculations
of P(to,to + t) with ty < ts o L?. Another issue in this context involves the
effects of the finiteness of the sample size L and the sampling time 6t (the time
interval between two successive measurements of the height profile) on the calculated
persistence probability. An understanding of these effects is needed for extracting
reliable values of the persistence exponents from simulations that always involve
finite values of L and dt. Understanding the effects of L and dt on the persistence
analysis is not only important for our simulations, but is also important in the
experimental measurements of persistence which invariably involve finite system
size and sampling time.

The main results presented in this chapter are as follows. We find that the
positive and negative steady—state persistence exponents for growth models in the
MBE universality class are indeed different from each other, reflecting the asym-
metry of the interface arising from the presence of nonlinearities in the underlying
growth equation. Our results for these exponent values are: 95_ = 0.66 £+ 0.02
and 0° = 0.78 + 0.02, respectively, in (14+1) dimensions; #% = 0.76 + 0.02 and
6° = 0.8540.02 in (2+1) dimensions. The values of the positive and negative per-
sistence exponents for different models are clearly correlated with the asymmetry
of the “above” and "below” (defined relative to the mean interface height) portions
of the interface. We show analytically that the smaller one of the two steady-state
persistence exponents should be equal to (1 — ). Thus, the relation § = 1 — 3
derived in Ref. [29] for linear surface growth models is expected to be satisfied by
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Hi for the nonlinear models considered here. Our numerical results are consistent
with this expectation: we find that the positive persistence exponent is indeed close
to (1 — (), while the negative one is significantly higher. Similar asymmetry is
found for the persistence exponents in the transient regime with 67 < 7 in MBE
growth. Within the uncertainties in the numerically determined values of the ex-
ponents, they are universal in the sense that different models in the same dynamic
universality class yield very similar values for these exponents. For the models in
the Edwards—Wilkinson and KPZ universality classes, we find results in agreement
with those of earlier studies [29, [30].

Our simulations also reveal that a measurement of the steady-state persistence
exponents is possible from simulations in which the initial time ¢y is much smaller
than the time (~ L?) required for the interfacial roughness to saturate. A similar
result was reported in Ref. [29] where it was found that the steady-state persistence
exponent may be obtained from a calculation of P(tg,to+t) with t < ty < L*. We
find that the restriction ¢ < ¢ is not necessary for seeing a power law behavior of
Py (to, to+1) — a power law with the steady-state exponents is found even if ¢ is close
to or somewhat larger than t,. We exploit this finding in some of our persistence
simulations for (2+1)-dimensional growth models which are more relevant to exper-
iments. These results, however, also imply that it would be extremely difficult to
measure the transient persistence exponents from real surface growth experiments.
Finally, we show that the dependence of the steady—state persistence probability on
the sample size L and the sampling time 0t is described by a simple scaling function

of the variables ¢/L* and dt/L*. This scaling description is similar to that found
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recently [43] for a different “persistence probability”, the survival probability, that
measures the probability of the height not returning to its average value (rather than
the initial value) over a certain period of time. Although the “persistence” and the
“survival” [43] probability seem to be qualitatively similar in their definitions, the
two are mathematically quite unrelated, and in fact, no exponent can be defined
for the survival probability, as we will see in Chapter 4. In this chapter we only
discuss the persistence probability and the persistence exponent for surface growth

processes.

2.1 Simulation results and discussion

2.1.1 Persistence exponents in (14+1) dimensions

Simulations for (14-1)-dimensional discrete growth models were carried out for g =
1/4, 3/8 and 1/3. The value § = 1/4 corresponds to the F model that has a
relatively small equilibration time (of the order of L?). The remaining conservative
models, characterized by = 3/8 (LC) and ~ 1/3 (WV, DT, CKD and KPK), have
a much slower dynamics (with z values 4 or 3). So their corresponding equilibration
time intervals, required for the interface roughness to reach saturation, are of the
order of L* and L2, respectively. For this reason, the largest values of L for which
the steady state could be reached in reasonable simulation time are considerably
shorter in these models than in the F model. The fastest equilibration occurs in the
KK model (8 = 1/3) where z = 3/2.

In calculations of the transient persistence probabilities, the initial configura-
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tion of the height variables is taken to be perfectly flat, i.e. h;(tg) =0 (j = 1,L).
The lattice size was in the range 10* < L < 105, and the duration of the deposi-
tion process, measured in units of number of grown monolayers (ML), was ~ 103.
The results were averaged over ~ 103 independent runs. For measurements in the
steady—state situation, a saturation of the interface roughness was first obtained by
depositing a large number (of the order of L*) of monolayers and subsequent time
evolution from one of the steady—state configurations obtained this way was used for
measuring the persistence probabilities. A much smaller lattice length (L = 1000
for the F model, L = 500 for the KK model, L = 200 for the KPK model, and
L = 40 for the LC, WV, DT and CKD models) was used in these calculations in
order to reach the steady—state saturation within reasonable simulation times.

The positive (negative) persistence probabilities in both transient and steady—
state regimes were obtained as the fraction of sites that maintain the values of their
heights persistently above (below) their initial values, averaged over a large number
(~ 10%) of independent runs. The persistence exponents were obtained from power
law fits to the decay of these probabilities, as shown in Figs. and for
the transient and steady—state regimes, respectively.

For all the models studied here, we have also measured the value of the growth
exponent [ in both transient and steady—state simulations. Since the latter simula-
tions were carried out for smaller values of the system size L, these measurements
provide useful information about the dependence of the measured exponent values
on the lattice size. Similar information is also provided by the values of the tran-
sient persistence exponents obtained from measurements in the initial stage of the

36



Model L 9{ 6T 15} Universality class
F 108 1.57+0.10 1.49+0.10 0.25+0.01 EW
KK 5x10* 1.6840.02 1.214+0.02 0.33+0.01 KPZ
LC 10% 0.84 £0.02 0.844+0.02 0.374+0.01 MH
WV 10 0.94+0.02 0.98+0.02 0.37+0.01 MBE
DT 104 0.95+0.02 0.984+0.02 0.384+0.01 MBE
CKD 10% 0.98+0.02 0.934+0.02 0.354+0.01 MBE
KPK 104 1.044+0.02 1.01£0.02 0.31%+0.01 MBE

Table 2.1: Positive and negative persistence exponents, #, and 6_, for the transient
(T') regime, measured for seven different discrete growth models (identified in the
first column) using kinetic Monte Carlo simulations with relatively large system sizes
(L). The measured growth exponent, 3, and the universality class of the model are

indicated in the last two columns, respectively.
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Model L o 6r 03 0° B

F 103 1.67+£0.10 1.56+0.10 0.78 £0.02 0.76 £0.02 0.25+£0.01
KK 5x10? 1.70+0.02 1.27+0.02 0.7140.02 0.714+0.02 0.3040.01
LC 40 0.98+0.02 0.96+0.02 0.67+0.02 0.67+0.02 0.32£0.01
WV 40 0.94£0.02 099£0.02 0.65+0.02 0.70+0.02 0.35+0.01
DT 40 0.98£0.02 1.01£0.02 0.64+0.02 0.724+0.02 0.36 +0.01

CKD 40 1.11£0.02 099+£0.02 0.78£0.02 0.66£0.02 0.33£0.01

KPK 2x10* 1.164+0.02 1.09+0.02 0.70+0.02 0.68+0.02 0.284+0.01

Table 2.2: Positive and negative persistence exponents, #, and 6_, for the transient
(T') and the steady state (S) regimes of our seven different discrete growth models,
obtained from simulations with relatively small samples sizes (L). To illustrate the
effects of reduced system sizes on the measured exponents, we have shown the values

of 3 obtained from these simulations in the last column.
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Figure 2.1: Transient persistence probability for the (1+1)-dimensional linear F and
LC growth models. As expected, the positive and negative persistence probabilities
are identical in these models. The system size is L = 10° for the F model and L = 10*
for the LC model, and an average over 10% independent runs was performed. The

slopes of the double-log plots yield the values of the transient persistence exponents

shown in Table 2.11
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steady—state simulations. The transient exponent values obtained from the large—L
simulations are listed in Table 2.1} and both transient and steady—state exponent
values obtained from simulations of relatively small samples are shown in Table [2.2]
The measured values of the growth exponent 3 are also shown in these Tables.

Estimation of the probable error in the measured values of the growth and
persistence exponents is a delicate task (and surely depends on precisely how the
exponent error is defined), since there is not a traditional accepted method to eval-
uate the error in dynamical simulations. To solve this problem we did the following
simulations. We decreased the number of independent runs used for the averaging
procedure by a factor of 2, keeping the size of the system constant. Under these
circumstances, we have measured the exponents corresponding to the two different
numbers of independent runs and the differences between the obtained values of the
exponents were used as error estimates for 5 and 6, respectively. Approximately
the same size of the error bar was obtained from the estimations of fluctuations in
the value of the local slope of the double—log plots. We have also noticed that a
reduction of the lattice size (imposed for the steady—state persistence calculations)
produces lower values of the growth exponents, as shown in Table [2.2] This is be-
cause the downward bending (approach to saturation) of double-log width versus
time plots occurs at shorter times in simulations of smaller systems. However, the
smaller—L simulations seem to lower the measured values of the growth exponents
by a maximum of about 10% percent. So we conclude that this effect is not dramatic
and that the steady—state results reported below are reliable.

The measured values of 3 agree reasonably well with the expected ones (see
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Section within their errors. As expected, the agreement is better in the case
of larger values of L. For the larger—L simulations (L ~ 10%), we have found that
the growth exponents of the F, LC and KK models are in excellent agreement with
their corresponding expected values of 1/4, 3/8 and 1/3, respectively (see Table[2.1)).
The DT and WV models are found to behave similarly at early (transient) stages of
their interface growth, at least in (1+1)-dimensions, their growth exponents being:
Bwv =~ 0.37 and Bpr =~ 0.38. The closeness of these values to the value of 3/8, which
corresponds to the MH universality class, suggests that the nonlinear term that
appears in the associated dynamic equation (i.e. Eq. ) has a very weak effect
for the range of lattice sizes used in our study. In addition, we have found that the
CKD model characterized by the nonlinear coefficient Ays = 2 and control parameter
¢ = 0.02 has a growth exponent Scxp ~ 0.35, in agreement with Ref. [I6]. These
particular parameter values ensured the elimination of any interfacial instability,
thus allowing a calculation of the steady—state persistence properties. Regarding
the conserved KPK model, we have observed that the growth exponent has a value
that is slightly smaller than 1/3, a result that agrees with Ref. [10].

The temporal behavior of the transient persistence probability in our models
is shown in Figs. 2.142.4] From these measurements, we obtained the transient
persistence exponents by fitting the linear middle regions (excluding the small-t and
large—t ends, typically using the data for 20 < ¢ < 800) of the double-log plots to
straight lines. As expected, due to the invariance of the interfaces of the F and LC
models (which are characterized by linear continuum equations) under a change
of sign of the height variables, we obtained equal positive and negative transient
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Figure 2.2: Positive and negative transient (bottom two curves) and steady—
state (top two curves, mostly overlapped) persistence probabilities for the (1+1)—
dimensional RSOS KK model. The faster decay of the positive persistence prob-
ability in the transient regime is due to the negative sign of Ay in the equivalent
continuum equation of Eq. . In the transient case, systems of size L = 5 x 10*
were averaged over 5 x 10® independent runs. The steady-state simulation was done

for L = 500 and a similar average was performed.
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Figure 2.3: Positive and negative transient persistence probabilities for the (1+1)—
dimensional nonlinear DT and WV growth models. We note that despite the dif-
ference in their local diffusion rules, these two models behave identically as far as
the transient persistence probability is concerned. The curves corresponding to the
DT model have been shifted upward in order to avoid a complete overlap of the
plots for the two models. The system size is L = 10* and an average over 10% inde-
pendent runs was performed. The slopes of the double—log plots yield the transient

persistence exponents given in Table [2.1]
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Figure 2.4: Positive and negative transient persistence probabilities for the (1+1)—
dimensional CKD (the upper two curves) and RSOS (the lower two, almost over-
lapped curves) models that belong to MBE universality class. In both cases the
system size was L = 10* and an average over 10® independent runs was performed.

The slopes of the double-log plots yield the transient persistence exponents given

in Table .11
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persistence exponents within the error bars, as displayed in Fig. 2.1, However,
we mention that the F model has a rather slow convergence of the positive and
negative exponents towards their long—time value of ~ 1.55 observed in much longer
simulations. The results for F and LC models, that correspond to = 1/4 and 3/8,
respectively, agree well with the values reported by Krug et al. [29]. The same level
of agreement is also found in the case of the KK model [30], shown in Fig. [2.2] for
which the transient persistence exponents are 61 ~ 1.68 and 7 ~ 1.21 in (1+1)-
dimensions. We note that the negative persistence probability has a slower decay
than the positive one. This is due to the constant coefficient, Ay, of the nonlinear
term |Vh(r,t)|? of the KPZ equation (which provides a continuum description of
the KK model) having a negative sign [30].

For the models described by the fourth-order nonlinear MBE equation (i.e.
WV, DT, CKD and KPK models), we expect to find different positive and negative
transient persistence exponents due to the fact that their morphologies violate the
up—down interfacial symmetry with respect to the average level. No information
about how different these two exponents should be is available in the literature.
In most of these growth models, we observe that the two exponents are not very
different from each other, especially during the transient regime. Fig. shows the
transient regime results for DT and WV models, which are indeed very similar — their
persistence probability curves have almost identical behavior. We note here that
the negative persistence probability has a faster decay than the positive persistence
probability. This indicates a negative sign of Agy, the coefficient that multiplies the

nonlinear term V?|Vh(r,t)|? of the MBE equation. However, the relative order of
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the values of these exponents is reversed when Aos > 0, which is the case in the
CKD and KPK models, as shown in Fig. [2.4] To clarify this aspect, we show in
Fig. the interfacial morphologies of DT and CKD models. We used a lattice
of L = 10* sites (but only a portion of 1000 sites is shown in each case) and the
displayed configurations correspond to a time of 10?> ML. The interface of the DT
model is characterized by deep grooves, while the profile in the CKD model exhibits
the distinct feature of high pillars. Both morphologies display strong up—down
interfacial asymmetry, but their representative features (i.e. deep grooves and high
pillars) are opposite in “sign”, indicating a reversal of the sign of the coefficient A\gs
(note that a reversal of the sign of Agy in Eq. is equivalent to changing the
sign of the height variable h(r,t)).

As summarized in Table 2.1, the DT, WV and CKD models show very similar
values for the transient persistence exponents when the above mentioned effect of
the sign of Ayy is taken into account. However, some deviation from the exponent
values for this group of models is observed in the RSOS KPK model which shows the
smallest difference between the positive and negative persistence exponents. Finite
size effects appear to be stronger in this case. These effects also cause an increase
in the measured values of the persistence exponents above the expected values. A
similar behavior is found in the steady—state results as well, as described below.

Our calculations of WV, DT, CKD and KPK persistence exponents illustrate
the feasibility of studying this type of nonequilibrium statistical probabilities for a
large class of nonequilibrium applications described by nonlinear dynamical equa-

tions. Until now, the only nonlinear equation for which persistence exponents have
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Figure 2.5: Morphologies of the (1+1)-dimensional DT (top) and CKD (bottom)

stochastic models for L = 10? (only a portion of 1000 sites is shown) and ¢ = 10® ML.

In the DT model, we notice a breaking of up—down symmetry due to the formation

of deep grooves, while in the CKD model, the representative asymmetric feature

corresponds to high pillars.
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Figure 2.6: Positive and negative steady-state persistence probabilities for the
(141)—dimensional F and LC models which are governed by linear continuum dy-
namical equation. The temporal decay of the persistence probability is slower in
the LC model which has a larger growth exponent (¢ = 3/8, fr = 1/4). We used
L = 1000 and tq = 4 x 105 ML for the F model, and L = 40, t, = 10° ML for the
LC model. The displayed results were averaged over 5000 independent runs. The
measured slopes of the double—log plots yield the steady—state persistence exponents

shown in Table 2.2
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been calculated [30] is the KPZ equation, which is arguably the simplest nonlinear
Langevin equation. Further, the nonlinearity in the KPZ equation becomes irrele-
vant in the steady—state regime in (1+1)-dimensions. So, the effects of nonlinearity
are not reflected in the steady—state persistence behavior of (141)—-dimensional KPZ
systems. An immediate concern would be that more complex nonlinear dynamic
equations might be less approachable from the point of view of persistence probabil-
ity calculation. Our results for four nonlinear models eliminate this possibility and
illustrate the applicability and usefulness of persistence probability calculations in
the study of surface fluctuations.

Figures display our results for the steady—state persistence probabili-
ties. The values of the growth and persistence exponents obtained from the steady—
state simulations are summarized in Table 2.2, The values of the steady—state
persistence exponents in the F and LC models, corresponding, respectively, to the
V2 and V* linear equations, (see Fig. are consistent with the values of the cor-
responding growth exponents (as predicted by Eq. ) obtained from the same
small-L simulations. For the WV and DT models, as shown in Fig. 2.7, we obtain
very similar positive and negative persistence exponents. In the case of the KK
model we find, as expected, identical positive and negative exponents (03 ~ 0.71),
as shown in Fig. 2.2

Among the models belonging to the MBE universality class, the KPK model
exhibits steady—state persistence exponents that are systematically higher than the
ones obtained for the remaining three (WV, DT and CKD) models. Our study of the
dynamical scaling behavior of the KPK model indicates that both a (~ 0.9) and 2
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Figure 2.7: Steady-state persistence probabilities for two (1+1)-dimensional models
in the MBE universality class — the DT and WV models. As in the transient case,
these two models exhibit almost identical persistence behavior in the steady state.
The effects of the nonlinearity in their continuum dynamical description are not very
prominent for the small lattice sizes considered here. For the data shown, systems
of size L = 40 were equilibrated for t; = 10> ML, and the results were averaged over
5000 independent runs. The persistence plots for the DT model have been shifted
up in order to make them distinguishable from the WV plots. The measured slopes
of the double—log plots yield the steady—state persistence exponents shown in Table

2.2
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Figure 2.8: Double-log plots of the steady—state persistence probabilities of (1+1)—
dimensional MBE class CKD and KPK (shifted up by a constant amount) models.
While the KPK model does not show a clear effect of nonlinearity in the values of
the persistence exponents, the CKD model shows positive and negative persistence
exponents that are clearly different from each other. Systems of size L = 40 (CKD)
and L = 200 (KPK) were equilibrated for ¢ty ~ 10> ML. The results were averaged
over 10* independent runs. The measured slopes of the double-log plots yield the

steady—state persistence exponents shown in Table
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(~2.9) in this model are reasonably close to the expected values, in agreement with
Ref. [10]. Therefore, the reason for the differences between the values of the steady—
state persistence exponents for the KPK model and those in the other models in the
MBE universality class is unclear. This discrepancy may very well be arising from
subtle differences in finite size (and time) effects in the simulations for persistence
exponents and dynamic scaling. Further investigation of the applicability of this
RSOS model in understanding MBE growth is beyond the scope of the present
study.

As shown in Fig. [2.8 a nice illustration of the presence of nonlinearity in the
underlying dynamical equation is provided by the steady—state persistence expo-
nents of the CKD model, characterized by distinct values, Hi ~ 0.78 and 6° =~ 0.66,
of the positive and negative exponents. Although one must take into account the
fact that these values might be slightly overestimated (by approximatively 5%) due
to the smallness of the sample sizes used in the steady—state simulations, these ex-
ponents provide a good qualitative account of the nontrivial up—down asymmetric
persistence behavior expected for nonlinear models belonging to the MBE univer-
sality class.

Next we investigate the influence of small sample sizes on the measured values
of the persistence exponents. We mainly used the DT model to answer this question
and we pursued the following two tests. First we decreased the size of the system
from 10* to 100 and then to 40 and found the values of the growth and persistence
exponents, as summarized in Table We note that as the lattice length decreases

to 40, the persistence exponents increase by ~ 2%, while the growth exponents in-
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L o7 e 3

10" 0.95+0.02 0.984+0.02 0.3840.01
102 0.96+0.02 0.99+0.02 0.37+0.01

40  0.98+0.02 1.01+£0.02 0.36 £0.01

Table 2.3: Transient positive and negative persistence exponents, 8%, obtained for
the DT model with different system sizes (L). The effect of the system size on the
measured growth exponent, (3, is displayed in the last column. No result for steady—
state persistence exponents is available for system sizes larger than ~ 100, due to
the impossibility of reaching saturation of the interface width for such values of L
in time scales accessible in simulations. The results shown here were averaged over

500 (for L = 10%), 5 x 10* (for L = 100) and 10° (for L = 40) independent runs.
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crease by ~ 5%. As a second test, we have applied the noise reduction technique to
both the DT and WV models. It has been shown [52] that a noise reduction factor
of m = 5 helps the DT model to recover quite accurately the universal exponents
corresponding to the MBE universality class. In addition, the noise reduced WV
model exhibits, at late evolution times, its true EW asymptotic universality, which
is difficult to observe without applying noise reduction. Therefore, the DT model
with the appropriate noise reduction factor is expected to provide the correct per-
sistence exponents associated with the fourth—order nonlinear dynamical equation
for MBE growth. The results obtained from the simulations with noise reduction
are summarized in Table 2.4, We notice that the noise reduction scheme produces
only a minor change in the persistence exponents and in addition, the results ob-
tained for m = 5 agree within the error bars with those for the CKD model. We,
therefore, conclude that the noise reduced DT model and the discrete CKD model
provide a good representation of the MBE universality class, characterized by two
different steady—state persistence exponents: «9_{ ~ 0.66 (positive persistence) and
0° ~ 0.78 (negative persistence). These nontrivial persistence exponents for this
class have not been reported earlier, and it would be useful to check these results
from further theoretical or experimental studies. Regarding the noise reduced WV
model we mention that the convergence of 6° towards the expected value of 3/4 is
rather slow in the case of the positive exponent and probably a higher value of the
noise reduction factor would be necessary to reveal the true EW universality. We
did not explore this technical issue any further.

We note that among the positive and negative steady-state persistence expo-
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Growth model m 85 0°

DT 1 0.64£0.02 0.72£0.01
DT 5 0.65+0.02 0.77+£0.01
WV 1 0.65%£0.02 0.70=+0.01
WV 5 0.68+0.02 0.75+0.01

Table 2.4: Positive and negative persistence exponents, 07, for the steady state of
the DT and WV models for two different values of the noise reduction factor, m.
Systems of size L = 40 were equilibrated for 10> ML and the results were averaged

over 5000 independent runs.

nents for these nonlinear growth models, the smaller one (for example, the positive
exponent in the DT model or the negative exponent of the CKD model), turns out
to be close to (1 — ). In the next subsection, we show analytically that this rela-
tion between the smaller steady-state persistence exponent and the dynamic growth
exponent is, in fact, exact. Our numerical studies suggest a connection of this re-
sult with the morphology that develops in the steady-state regime. As shown in
Fig. the characteristic feature of the DT morphology is the presence of deep
grooves, while the CKD model exhibits high pillars. Loosely speaking, in the case of
the DT model, we expect the relation of Eq. to be more likely to be satisfied
by the positive persistence exponent than the negative one because the preponder-

ant grooves, responsible for the negative persistence exponent, represent the effects
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of the nonlinearity of the underlying MBE dynamics. More work is clearly needed
for a better understanding of the possible relationship between such “nonlinear”

features of the interface morphology and the value of the persistence exponent.

2.1.2 An exact relation between steady-state persistence
exponents and the growth exponent

As mentioned earlier, for interface heights h(r,t) evolving via a Langevin equation
that preserves (h — —h) symmetry (for example, any linear Langevin equation),
the steady state persistence exponents satisfy the scaling relation Gi =0%=1-23,
where (3 is the growth exponent [29]. In this subsection, we derive a generalized
scaling relation,

B =max[1—-67,1-06°], (2.1.1)

which is valid even in the absence of (h — —h) symmetry. When this symmetry is
restored, Eq. reduces to the known result [29], Qi =05=1-0.

To derive the relation in Eq. , we start with a generic interface described
by a height field h(r,¢) and define the relative height, u(r,t) = h(r,t) —h(r,t) where
h(r,t) = [ h(r,t)dr/V is the spatially averaged height and V is the volume of the
sample. Let us also define the incremental correlation function in the stationary
state,

C(t,t") = lim ([u(r,t +to) — u(r,t’ + t)]*). (2.1.2)

to—0o0
It turns out that for generic self-affine interfaces (which do not have to be Gaussian),

this function C(¢,t') depends only on the time difference |t — ¢| (and not on the
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individual times ¢ and ') in a power-law fashion for large |t — /| [30, 60],
Ot t') ~ |t — 1|, (2.1.3)

where (3 is the growth exponent.

This particular behavior of the correlation function in Eq. is typical of a
fractional Brownian motion (fBm). A stochastic process z(t) with zero mean is called
an fBm if its incremental correlation function C'(t;,ts) = {[x(t;) — x(t2)]?) depends

only on the time difference |t; — t5] in a power-law fashion for large arguments [61],
C(tth) = <[$(t1> - I(tg)]2> ~ ’tl - t2|2H, (214)

where 0 < H < 1 is called the Hurst exponent of the fBm. For example, ordinary
Brownian motion which evolves as dx/dt = n(t), where n(t) is a Gaussian white noise
with zero mean and a delta function correlator, satisfies Eq. with H = 1/2.
Thus, an ordinary Brownian motion is a fBm with H = 1/2. Tt follows clearly
by comparing Eqgs. and that the relative height wu(r,¢) of a generic
interface at a fixed point r in space, in its stationary state, is also a fBm with Hurst
exponent, H = (3. Note that an fBm is not necessarily Gaussian.

We are then interested in the ‘no return probability’ to the initial value of the
fBm process u(r, t). So, the relevant random process is Y (r,t) = u(r, t+to) —u(r, to).
Clearly, Y (r,t) is also a fBm with the same Hurst exponent (3 since the incremental
correlation function of Y is the same as that of u(r,t). We are then interested in
the zero crossing properties of the fBm Y (r,¢). Now, consider the process Y (r,t)
as a function of time, at a fixed point r in space, from time ty to time ¢y + ¢t where
tg — oo. There are two types of intervals between successive zero crossings in time,

27



the ‘+’ type (where the process lies above 0) and the ‘—’ type (where the process
lies below 0).

In general, the statistics of the two types of intervals are different. Only, in
special cases, where one has the additional knowledge that the process Y(r,t) is
symmetric around 0 (i.e., processes which preserve the (h — —h) symmetry), the
+ and — intervals will have the same statistics. For such cases, a simple scaling
argument was given in Ref. [29] to show that the length of an interval of either
type has a power-law distribution, Q(7) ~ 7717%° (for large 7) with 5 =1 — H =
1 — 3. Note that this relation between the persistence exponent and the Hurst
exponent is very general and holds for any symmetric fBm, i.e., any stochastic
process with zero mean (not necessarily Gaussian) satisfying Eq. . Recently,
other applications of this result have been found [62] [63]. For general nonsymmetric
processes, however, one would expect that Q4 (7) ~ 77175 for large 7, where 9_{ and
0% are, in general, different. Here we generalize this scaling argument of Ref. [29]
(derived for a symmetric process) to include the nonsymmetric cases and derive the
result in Eq. .

The derivation of Eq. follows more or less the same line of arguments
as that used in Ref. [29] for the symmetric case. Let P(Y,7) denote the probability
that the process has value Y at time 7, given that it starts from its initial value 0
at 7 = 0. Then, it is natural to assume that the normalized probability distribution

P(Y,7) has a scaling form,

PV, 7) = ——f (L> , (2.1.5)



where o(7) is the typical width of the process, o%(1) = (Y?(7)). It follows from
Eq. that o(7) ~ 79 for large 7. The scaling function f(z) is a constant
at z =0, f(0) ~ O(1) (note that, in general, f(z) is not a symmetric function of
z) and should decrease to 0 as z — +o00. So, given that a zero occurs initially,
the probability p(7) = P(0,7) that the process will return to 0 after time 7 (not

necessarily for the first time) scales as
1 -8
p(T) ~ ~ 7P, (2.1.6)

as 7 — oo. This function p(7) indeed is the density of zero crossings between 7 and

7+ d7. Thus, the total number of zeros up to a time 7T is simply the integral,

N(T) = /OT p(T)dr ~ TP, (2.1.7)

for large T

Next, we relate the persistence probabilities to the number of zeros. Let Py(7)
denote the probabilities that the process stays positive (or negative) over the interval
[0, 7], given that it started from a zero. By definition, we have Py(7) ~ 7% for
large 7. Then, Q. () = —dPy(7)/dr ~ 77 '7% (as 7 — o0) denote the probabilities
that the process will cross zero next time (from the positive or the negative side
respectively) between time 7 and 7 + dr. Thus, Q4 (7) are also the distribution of
intervals of the two types of length 7.

Now, consider a total length of time 7. Let N(T') denote the total number
of intervals in this period, half of them are + types and the other half — types,
N.(T) = N(T)/2. Let, ni(7) denote the number of + intervals of length 7 within
the period 7. Thus, the fraction of + (or —) intervals of length 7, ny(7)/Ny(7), by
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definition, are the two distributions Q4 (7) provided T is large. Thus, for large T,

we have

N(T)

5 Qx(7) ~ N(T)r 1%, (2.1.8)

ni(’i', T) =

for 1 << 7 <T. On the other hand, we have the length conservation condition (the

total length covered by the intervals must be T'),

/0 dr 7 [ny (1) +n_(7)] =T. (2.1.9)

Substituting the asymptotic behavior of ny(7) in Eq.(2.1.8]) into the left-hand side

of Eq.(21.9), we get
T1-6% T1-06%
1-67 M

N(T) o T. (2.1.10)

We next use N(T) ~ T for large T from Eq.(2.1.7)). This gives, for large T,

S S
T179+ T170_

~ T8, 2.1.11
1—69 M ( )

Taking T — oo limit and matching the leading power of T in Eq. (2.1.11)), we
arrive at our main result in Eq. (2.1.1). Note that in the above derivation we have
implicitly assumed a small-¢ cut-off and focused only on the distribution of large

intervals. Our numerical results obtained for a class of nonlinear interfaces in both

(141) and (2+41) dimensions (see Sec. below) are consistent with the analytical

result in Eq. (2.1.1)).
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2.1.3 Dependence of persistence probabilities on the initial
configuration

We present in this section some surprising simulation results about the dependence
of the persistence behavior (specifically, the values of the persistence exponents) on
the choice of the initial configuration. In particular, we show that the steady—state
exponents may be obtained with a fair degree of accuracy from simulations in which
the interface has not yet reached the steady state. We also present some results
that have bearing on the measurability of the transient persistence exponents from
experimental data.

We recall that in Section the transient persistence exponents were mea-
sured from simulations in which the initial configuration was completely flat, cor-
responding to ty, = 0. To examine the dependence of the persistence probabilities
on the choice of 3, we evolved samples governed by F and DT atomistic diffusion
rules for t5 = 10, 100 and 1000 ML, starting from perfectly flat initial states and
used the resulting configurations as starting points for measuring the persistence
probability (the probability of the height at a given site not returning to its initial
value at time () as a function of t. We show the results of these simulations in
Figs. and for the F and DT models, respectively. We find that even for
the small value of ¢ = 10 ML [see panel a)], the observed persistence probabilities
do not exhibit power law decay in time with the transient persistence exponents,
despite the fact that the expected condition [29] for transient behavior, t > t,

is well satisfied in a large part of the range of ¢ used in these simulations. These
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Figure 2.9: Log-log plots of the positive and negative persistence probabilities [pan-
els (a)—(c)] for the F model, obtained using different values of the initial time t.
Systems with L = 10* sites have been averaged over 500 independent runs. Persis-
tence probabilities are computed starting from the configuration corresponding to:
a) to = 10 ML. We do not find a clear power law decay of the persistence curves. b)
to = 100 ML. As t; increases, a clearer power law behavior is observed. c) to = 1000
ML. The power law decays are recovered and characterized by exponents in agree-
ment with those corresponding to the steady-state regime: 03 ~ 0.75. d) Log-log
plot of the interface width W as a function of time ¢ (in units of ML). The value of

the slope (equal to the growth exponent 3) agrees with the expected value, 5 = 0.25.
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Figure 2.10: Positive and negative persistence probabilities [panels (a)—(c)] for the

DT model, obtained using different values of the initial time ;. Persistence proba-

bilities are computed starting from the configuration corresponding to: a) to = 10

ML. As in the case of the F model, we do not find a clear power law for the persis-

tence curves. b) tg = 100 ML; ¢) o = 1000 ML: Power law decays are recovered and

characterized by exponents that are approximately equal to those corresponding to

the steady-state regime, 6% ~ 0.64 and 6° ~ 0.71. d) Log-log plot of the interface

width W as a function of time ¢ (in units of ML). The slope gives a growth exponent

of ﬁDT ~ (0.375.
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results point out a practical difficulty in obtaining experimental evidence for tran-
sient persistence behavior. Since perfectly flat initial configurations can hardly be
achieved experimentally and experimental measurements are always started from a
relatively rough substrate, the transient persistence exponents may very well not
be measurable from experiments if the only way of measuring these exponents is to
start from a perfectly flat morphology.

As the value of t is increased to 100 ML, the persistence probabilities tend to
show the expected power law behavior, as shown in Fig. ﬂ(b) for the F model and
in Fig. 2.10[(b) for the DT model. Most surprisingly, as shown in Figs. 2.9(c) and
2.10(c), we find that for t, = 1000 ML, one recovers precisely the power law behavior,
P(to,to + 1) t‘gs, and the exponents are essentially the same as the previously
obtained steady—state ones shown in Table [2.2, This investigation, thus, reveals
the fact that a measurement of the steady—state persistence exponents does not
require the preparation of an initial state in the long—time steady—state regime where
the interface width has reached saturation: an initial state in the pre—asymptotic
growth regime where the interface width is still increasing as a power law in time [as
illustrated in Figs. [2.9(d) and 2.10[(d)] is sufficient for measurements of the steady—
state persistence exponents. A similar result was reported in Ref. [29], but it was
argued there that the measurement time ¢ must be much smaller than ¢, for steady—
state persistence behavior to be observed. Our results show that the steady-state
persistence exponents are found even if ¢ is of the order of (or even slightly larger
than) the initial time ¢5. This observation has an important practical benefit: it
implies that one can easily obtain accurate estimates of the steady—state persistence
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exponents using rather large systems (L ~ 10%), and growing approximately up to
to ~ 10® ML, instead of having to use the very large values (of the order of L?) of
to necessary for obtaining saturation of the interface width. At the same time, this
observation also illustrates the above mentioned difficulty in obtaining the transient
exponents from experimental measurements.

To investigate the effects of random imperfections in the initial substrate
(which are always present in experimental studies) on the persistence behavior, we
carried out simulations in which particles were deposited randomly on a perfectly
flat substrate for 10 ML and the resulting configuration was used for further depo-
sitions using the diffusion rules of the F and DT models. Persistence probabilities
were calculated starting from the configurations obtained after the random depo-
sition of 10 ML. Figures and show the results for the F and DT models,
respectively. We find that even when the persistence calculation starts from a con-
figuration characterized by random deposition, there is an indication that one can
still obtain the steady—state exponents during the last decade of ¢ where the growth
exponent reaches the values characteristic of the diffusion rules of the specific (F
or DT) model being considered. Indeed, in the time region where the growth ex-
ponents are 3 = 0.25 for the F model [see Fig. [2.11(b)] and 5 = 0.375 for the DT
model [see Fig. [2.12(b)], we have calculated the persistence exponents and recovered
values very close to the steady—state ones. These observations confirm our earlier
conclusions about the relatively easy measurability of the steady—state persistence
exponents and the difficulty in measuring the transient exponents in experimental

situations.
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Figure 2.11: a) Positive and negative persistence probabilities for the F model. Dur-
ing the deposition of the first 10 ML, the growth process is random deposition. The
diffusion rules of the F model are then used to evolve the interface. Persistence
probabilities are computed starting from the configuration obtained after the ran-
dom deposition of 10 ML. The positive and negative persistence exponents in the
last growth decade are in the range 0.6 to 0.7, depending on the fitting region. b)
Log—log plot of the interface width W as a function of ¢ (in ML). The slope in the
first decade of t is precisely the random—deposition value, 5 = 0.5. The second
decade shows a crossover region where the systems undergoes a transformation to-
wards a morphology governed by the F model diffusion rules, and the last decade is

characterized by the expected growth exponent of the F model, g = 0.25.
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Figure 2.12: Positive and negative persistence probability curves for the DT model.
During the deposition of the first 10 ML, the growth process is random deposition.
The diffusion rules of the DT model are used to evolve the interface subsequently.
Persistence probabilities are computed starting from the configuration obtained after
the deposition of the first 10 ML. The positive and negative persistence exponents
in the last growth decade are approximatively equal to 0.66 and 0.79 respectively.
b) Log-log plot of the interface width W as a function of time ¢ (in ML). Beyond
the crossover regime, the last decade in t is characterized by the expected growth

exponent of the DT model, § ~ 0.375.
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2.1.4 Persistence exponents in (24+1) dimensions

Our calculations in (2+1)-dimensions make use of our observation (discussed above)
concerning the possibility of obtaining the correct steady—state exponents from sim-
ulations that avoid the time consuming process of reaching the true steady state
where the interface width has saturated. The result that the persistence exponents
obtained from (1+1)-dimensional simulations using fairly small values of ¢, and
t ~ ty are quite close to the steady—state values allows us to extract numerically
the steady—state persistence exponents in (2+1)-dimensions using systems with rea-
sonably large sizes. If one had to run systems of size L ~ 100 x 100 all the way
to saturation in order to measure the steady—state persistence exponents, it would
have been impossible to do the calculations within reasonable simulation time. In
addition, decreasing the system size is not an acceptable solution because the results
then become dominated by finite size effects.

Simulations for (2+41)-dimensional discrete growth models were carried out
for the F model (8 = 0) and the DT model (f ~ 1/5). Simulations using systems
of size L = 200 x 200 revealed that the growth exponents, obtained from averages
over 200 independent runs, are 3 = 0.04 + 0.01 and 0.20 £+ 0.01 for the F and DT
models, respectively, in agreement with Ref. [48]. In the DT model, we noticed a
crossover from the initial value of 0.26 to the asymptotic expected value of 0.20,
indicating that no additional noise reduction technique is necessary for obtaining
results that reflect the correct universality class of this model. For both F and

DT models we calculate the transient and steady—state persistence probabilities by
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recording the fraction of sites which do not return to their initial height up to time
t, as in the (1+1)-dimensional case. We used ¢, = 0 (perfectly flat initial state) in
the calculation of the transient persistence probabilities, and three different values,
such as to = 20 ML, 200 ML and 2000 ML for the F model, in the calculation of the
steady—state exponents.

We report the results for the transient probabilities just for the sake of com-
pleteness: the rapid decay of the persistence probabilities prevents us from obtaining
accurate values of the associated persistence exponents. This fast decay of the tran-
sient persistence probability is a consequence of the reduced roughness of these
higher dimensional models. This effect is particularly pronounced for the F model,
for which the persistence exponent is found to be larger than 6 and the persistence
probability decreases rapidly to zero for any deposition time larger than ~ 60 ML,
as shown in Fig. 2.13] We also observe that the transient values of the positive and
negative persistence exponents in the DT model are roughly 3 times larger than the
values obtained in the (1 + 1)-dimensional case. The relative difference between
the positive and negative persistence exponents remains approximately the same
as that in the (1+1)-dimensional model. Our results for these (2+1)-dimensional
persistence exponents are summarized in Table [2.5]

We now focus on the steady—state persistence exponents which, as discussed
above, are found using relatively small values of ¢y and ¢t ~ ty. In Fig. 2.14)a), we
show that for tg < t (e.g. for to = 20 ML), the persistence probability of the F model
does not exhibit a clear power law decay. However panels b) and c) of Fig. reveal

that once ty becomes of the order of the measurement time ¢, the expected power
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Figure 2.13: Transient persistence probabilities for the (2+1)—dimensional F and
DT growth models. In the case of the F model, systems of size L = 1000 x 1000
have been averaged over 200 independent runs, while for the DT model, systems of
size L = 500 x 500 have been averaged over 800 independent runs. The transient
persistence probability for the F model exhibits a very fast decay, characterized by
a persistence exponent 67 & 6.9 for the last decade of t. More accurate results (see
Table are obtained for the exponents in the DT model, although the statistics

is not excellent.

70



Growth model L or o7 03 9° 3

FM 200x200 >6 >6 1.02+£0.02 1.00£0.02 0.04+£0.01

DT 200 x 200 2.84 244 0.76+£0.02 0.85£0.02 0.20=£0.01

Table 2.5: Transient and steady-state persistence exponents, 01, for two (2+1)-
dimensional discrete growth models. The measured value of the growth exponent
[ is shown in the last column. The transient persistence exponents are measured
with relatively low accuracy due to the rapid temporal decay of the persistence

probabilities.

law is recovered and in addition the steady—state exponent for the linear F model,
6° = 1.01 & 0.02, which should be equal to (1 — 3) with 3 = 0, is recovered. The
results for the DT model are presented in Fig. The steady—state persistence
exponents have been measured from the power law decays shown in Fig. 2.15(b).
In this temporal regime, as shown in panel d), the growth exponent is equal to the
asymptotic value of 1/5. The persistence behavior of the DT model in this regime is
characterized by 69 ~ 0.76 and §° ~ 0.85, indicating that the relation of Eq.
holds reasonably well for the (2+1)— dimensional nonlinear MBE dynamics, as in
the (1 4+ 1)-dimensional case. It is important to mention that the same values of
the persistence exponents have been obtained using a DT system with L = 40 x 40,
equilibrated for tg = 105 ML, as required in the traditional method (used in most

of the (1+1)-dimensional simulations) of measuring the steady-state persistence
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probabilities. Thus the “quick and easy” method of obtaining the steady—state
persistence exponent again agrees well with the exponent extracted from the actually
saturated interface, as discussed above.

We have also performed some preliminary persistence calculations for the
(241)-dimensional CKD model in order to check the validity of our reported (2+1)-
dimensional MBE persistence exponents. Using L = 100 x 100 and ¢, = 1000 ML,
we find that the values of the positive and negative persistence exponents depend
to some extent on the chosen values for the coefficient Aoy of the nonlinear term and
the control parameter c. For example, we obtain 6;? ~ 0.82 and #° =~ 0.77 using
Aoo = 5.0 and ¢ = 0.085, and Hi ~ 0.88 and #° = 0.83 using Aoy = 5.0 and ¢ = 0.13.
Both cases are characterized by a growth exponent of 0.18 £0.01, in agreement with
Ref. [64], which is consistent with the expected value of 1/5. The results obtained in
the latter case are displayed in panel c) of Fig. for the purpose of illustrating the
similarity between the DT and CKD models. From these observations, we conclude
that the (241)-dimensional DT and CKD persistence results are consistent with
each other, and they clearly reflect the nonlinearity of the MBE dynamical equa-
tion in the difference between the values of the positive and negative persistence

exponents as expected for the up—down asymmetric generic nonlinear situation.

2.1.5 Scaling behavior of the persistence probability

Since all the results described above have been obtained from simulations of finite

systems, it is important to address the question of how the persistence probabilities
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2.14: Persistence probabilities for the (241)-dimensional F model of size

L = 200 x 200, averaged over 200 runs, obtained from simulations with different

values of the initial time ¢y. a) to = 20 ML. b) t, = 200 ML. ¢) ¢, = 2000 ML.

The persistence probability curves in case ¢) show the expected power law decay

characterized by the exponent values Hi = 1.02 £0.02 and #° = 1.00 £ 0.02. d)

Log-log plot of the interface width W vs deposition time ¢ in units of ML. The slope

in the intermediate growth decade is 3 ~ 0.04 and thereafter it decreases to zero,

as expected.
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Figure 2.15: Persistence probabilities for the (2+1)-dimensional DT model of size

L = 200 x 200, averaged over 200 runs, obtained from simulations with different

values of the initial time ¢g.

a) tp = 200 ML: The persistence probabilities do

not exhibit clear power law decay. b) t, = 4000 ML: The persistence probability

curves show the expected power law decay characterized by the exponent values

07 = 0.77 £0.02 and 6% = 0.85 £ 0.02. ¢) Results for the (2+1)-dimensional CKD

model, obtained using L = 100 x 100, ¢, = 1000 ML, A = 5 and ¢ = 0.13. d) Log—log

plot of the interface width W vs deposition time ¢ in ML for the DT model. The

slope manifests a crossover from an initial value of ~ 0.26 to the asymptotic value

of 0.20.
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are affected by the finite system size. We have already encountered such effects in
our study of persistence probabilities for (14-1)-dimensional models (see Table [2.3)),
where it was found that the measured values of the persistence exponents in the
steady state increase slightly as the system size L is decreased, while the value of
the growth exponent 3 decreases with decreasing L. We did not investigate finite size
effects in our study of the transient persistence probabilities because these studies
were carried out for large values of L and relatively small values of the time t.

The qualitative dependence of the measured values of the steady—state persis-
tence exponents 5 and the growth exponent 3 on the sample size L is not difficult
to understand. The steady-state persistence probabilities P (tg,to + t) exhibit a
power law decay with exponent 67 as long as the time ¢ is small compared to the
characteristic time scale 7(L) of the system which is proportional to L?. The decay
of P{ becomes faster as t approaches and exceeds this characteristic time scale.
Since this departure from power law behavior occurs at earlier times for smaller
systems, the value of the persistence exponent extracted from a power law fit to
the decay of the persistence probability over a fixed time window is expected to
increase as the system size is reduced. In a similar way, the measured value of 3
is expected to be smaller for relatively small values of L because the precursor to
the saturation of the width at long times occurs at shorter values of ¢ in smaller
systems. Thus, the general trends in the system size dependence of the persistence
and growth exponents are reasonable. However, it would be useful to obtain a more
quantitative description of these trends.

Since the characteristic time scale 7(L) (“equilibration” or “saturation” time)
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of a system of linear size L is proportional to L?, one expects, in analogy with the
theory of finite size scaling in equilibrium critical phenomena, that the steady—state
persistence probability P7(t) (in this discussion, we omit the initial time ¢ in the
argument of P{ because the steady-state persistence probability is independent of
the choice of ty) would be a function of the scaling variable ¢/L*. Another time
scale has to be taken into consideration in a discussion of the scaling behavior of
the persistence probability. This is the sampling time &t which is the time interval
between two successive measurements of the height at a fixed spatial point. In our
simulations of the atomistic growth models, the smallest value of dt is 1 ML because
the heights are measured after each deposition of one complete (ideal) monolayer.
However, larger integral values of 0t can also be used in the calculation of the
persistence probabilities. Since experimental measurements are also carried out at
discrete time intervals, the presence of a finite value of d¢ has to be accounted for
in the analysis of experimental data also. Note that the persistence probability
itself is mathematically defined, P(tg,tq+t), for continuous values of time ¢ whereas
measurements and simulations are necessarily done on discrete time.

It has been pointed out in Ref. [65, [66] that discrete-time sampling of a
continuous—time stochastic process does affect the measured persistence probabil-
ity. Such effects have been investigated in detail [43] in the context of a different
stochastic probability (called the survival probability in Ref. [43]) that measures
the probability of the interface height at a fixed position not returning to its time—
averaged value within time ¢t. As we will see in Chapter 4, we have found that the

survival probability measured for a system of size L with sampling interval dt is a
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function of the scaling variables t/L* and §t/L*. We expect a similar behavior for
the steady—state persistence probabilities measured in our simulations. Thus, the

expected scaling behavior of P{(t, L, dt) is
P3(t,L,ot) = fu(t/L?, 6t/ L7), (2.1.12)

where the function fi(x1,x5) should decay as xfai for small z; and zo < 1.

To test the validity of this scaling ansatz, we have carried out calculations
of the steady—state persistence probability in the linear F model (the positive and
negative persistence probabilities are the same in this model) using different values
of L and dt. Due to the linearity of the F model, we have computed a persistence
probability P°(t) given by the average value of the positive and negative persis-
tence probabilities. If the scaling description of Eq. is valid, then plots of
P3(t, L, 6t) versus t/L* for different values of L and &t should coincide if the value
of 0t for the different sample sizes are chosen such that the ratio d¢/L* remains con-
stant. As shown in Fig. 16, where we present the data obtained from simulations
of the (1+1)-dimensional F model for three different values (200, 400 and 800) of
L and three correspondingly different values of §t (4, 16 and 64, so that §t/L* with
z = 2 is held fixed at 107*), plots of P(t) versus ¢/dt (which is proportional to
t/L* because dt is chosen to be proportional to L?) for the three different sample
sizes exhibit an excellent scaling collapse. These results confirm the validity of the
scaling form of Eq. (2.1.12).

As shown in Fig. 2.16, the scaling function f exhibits the expected power law

behavior for relatively small values of ¢/dt. Our results also show signatures of a
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Figure 2.16: Persistence probability, P(t), for the F model shown for different sys-
tem sizes with different sampling times. Panel a): Double-log plot showing three
different persistence curves vs. time corresponding to: L = 100 and 6t = 4, L = 400
and §t = 16, L = 800 and dt = 81, respectively. Panel b): Finite size scaling of
P(t, L, ot). Results for persistence probabilities for three different sizes (as in panel
a)) with the same value of 6¢/L* (i.e. 1/10%) are plotted versus t/6t (z = 2). The
dotted (dashed) line is a fit of the data to a power law with an exponent of ~ 0.75

(~ 1.0).
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crossover to a power law decay with exponent 1 as t approaches and exceeds the
characteristic time scale 7(L) (this crossover occurs near ¢t/L* ~ (0.1 in the F model).
We discuss below a possible explanation for this behavior.

Height fluctuations at times to and o+t are expected to be completely uncor-
related if ¢ is large compared to 7(L). Therefore, the persistence probability P (t)
for values of ¢ much larger than 7(L) may be obtained by considering a collection of
fluctuating variables which have the same probability distribution (since the system
is in the steady state), and which are completely uncorrelated with one another. Let
xg, 1, Ta, . .. represent such a collection of variables (these variables may be thought
of as the height at a particular site measured at regularly spaced times with spacing
larger than 7(L)). For simplicity, we assume that each x; is uniformly distributed
between —a and a. Then, given a particular value of z, the probability P, (xg,n)

that all the variables x;,1 <7 < n are larger than xy may be easily obtained as

Py (z9,m) = [i / d:cr — [(a - z0)/(2a)]". (2.1.13)

2a /.,

The positive persistence probability P, (n) is obtained by averaging this probability

over the probability distribution of xy. Thus, we have

1 [ 1
P, (n) = %/ Py (zg,n)dzy = oY (2.1.14)

which decays as a power law with exponent 1 for large n. This power law behav-
ior does not depend on the form of the assumed probability distribution for the

fluctuating variables {z;}. Assuming a general probability distribution p(z) with
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[ p(z)dx =1, Eq. (2.1.14)) can be written as

Po(n) = /_ Zp(%) [ Ljp(x)dx]ndxoz /_ Zp(aco) [1— /_ Zp(x)dxrdxo.

(2.1.15)
For large n, the quantity that multiplies p(zy) in Eq. is of order unity only
for values of x for which [°_p(z)dx is of order 1/n. Physically, this means that the
positive persistence probability is nonzero for large n only if the initial value xg is
very close to the lower limit of the allowed range of values. This effectively restricts

the upper limit of the integral over x( to 39 where 1, satisfies the requirement that

/_yo p(x)dx = C/n, (2.1.16)

where C' is a constant of order unity. Since the quantity that multiplies p(z¢) in
Eq. (2.1.15)) is of order unity for such values of xzq, it follows that

Yo 1

P, (n) = / p(xg)dxy o - (2.1.17)

This simple analysis shows that the simulation results for the behavior of the scaling
function of Fig. 16 for large values of ¢/dt are quite reasonable.

While we have not carried out similar scaling analyses [Eq. (2.1.12)] for other
models, we expect the scaling form of Eq. to be valid in general. We expect
that such scaling analysis of the persistence probability as a function of the system
size L and the sampling time 6t would be useful in the analysis of numerical and
experimental data in the future. In fact, we believe that a direct experimental

verification of the scaling ansatz defined by Eq. (2.1.12]) will be valuable.
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2.2 Concluding remarks

In this chapter, we have investigated the temporal first passage statistics, expressed
in terms of temporal persistence probabilities, for a variety of atomistic models that
provide discrete realizations of several linear and nonlinear Langevin equations for
the stochastic dynamics of growing and fluctuating interfaces [67]. Using extensive
kinetic Monte Carlo simulations, we have obtained transient and steady—state per-
sistence exponents for these (141) and (241)-dimensional SOS and RSOS growth
models. We have followed the methodology of Krug et al. [29, B0] and extended
their numerical work to the nonlinear MBE dynamical equation by studying the
persistence behavior of the atomistic DT, WV, CKD and KPK models. From these
studies, we have identified two persistence exponents for each of the two temporal
regimes (transient and steady—state) of the persistence probability. The difference
between the values of the two exponents reflects the nonlinearity (and the resulting
lack of up—down symmetry) of the MBE dynamical equation.

Among the models studied here, we find that in (141) dimensions and in
the range of system sizes used in our simulations, WV and DT models are hardly
distinguishable from the point of view of transient and steady—state persistence
behavior: the persistence exponents obtained for these two models are very close
to each other. We, therefore, conclude that in the range of simulation parameters
used in this study, the (1+1)-dimensional DT and WV models belong to the same
universality class (namely the MBE universality class) as far as their persistence

behavior is concerned. A separate investigation is required in order to understand
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the universality class of the WV model in (2+1) dimensions. The KPK model
appears not to reflect well the nonlinear feature of the underlying dynamical equation
in the values of the positive and negative persistence exponents. This is probably due
to strong finite size effects arising from the small lattice sizes used in our traditional
steady—state simulations (i.e. using to ~ L?). These finite size effects appear to
lead to overestimated persistence exponents [and underestimated growth exponent,
consistent with Eq. (1.3.3)].

We have also investigated the CKD model, which is another discrete model
belonging to the MBE universality class, our main goal being a closer examination
of how the nonlinearity of the underlying continuum equation is reflected in values
of the transient and steady—state persistence exponents. In this case we have ob-
tained clearly different values for the positive and negative persistence exponents.
The predictions of the CKD model concerning the persistence exponents have been
checked by applying the noise reduction technique to the DT model. We found that
for the MBE universality class, the steady-state persistence exponents in (1+1) di-
mensions are: 95_ = 0.66 + 0.02 and #° = 0.78 £ 0.02. These two values represent
the average of the results obtained for the CKD and the noise reduced DT models.
These results suggest that measurements of persistence exponents can be profitably
used to detect the presence of nonlinearity in the continuum equations underlying
surface growth and fluctuation phenomena.

The observed difference between the positive and negative steady—state per-
sistence exponents for the models in the MBE universality class implies that the

relation of Eq. (1.3.3), known to be valid for linear Langevin equations (our results
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for the linear F and LC models are in agreement with this relation), can not be
satisfied by both these exponents. Thus, it is clear that at least one of these steady—
state persistence exponents is not related to the usual dynamic scaling exponents
in a simple way. We have found that the relation of Eq. is approximately
satisfied (within the error bars of our numerical results) by the smaller one of the
two steady-state persistence exponents in all the (14+1)- and (241)-dimensional
discrete stochastic growth models studied in this study. We have also shown ana-
lytically that this relation between the smaller persistence exponent and the growth
exponent is, in fact, exact. The smaller exponent appears to correspond to the pos-
itive (negative) persistence probability if the top (bottom) part of the steady-state
interface profile is smoother. This observation suggests a deep (and potentially im-
portant) connection between the surface morphology and the associated persistence
exponent, which has no simple analog in the dynamic scaling approach where the
critical exponents («, 3, z = a/3) by themselves do not provide any information
about the up—down symmetry breaking in the surface morphology. Further investi-
gation of this aspect would be very interesting and highly desirable, particularly if
experimental information on persistence properties of nonequilibrium surface growth
kinetics becomes available.

Our investigation of the effects of the initial configuration on the persistence
probabilities indicates that the transient persistence exponents can be obtained only
if the interface is completely flat at the initial time. This restriction puts severe limits
on the possibility of measuring the transient persistence exponents in real experi-
ments where it would be very difficult, if not impossible, to meet the requirement
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of zero initial roughness. We have also found the surprising and useful result that
the steady—state persistence exponents can be accurately measured even if the ini-
tial configuration corresponds to a value of t; that is much smaller than the time
required for the interface to reach saturation. In other words, the persistence prob-
abilities exhibit their steady—state behavior for measurement times comparable to
the initial time ¢y even if the value of ¢y is much smaller than L?. This behavior was
found in both (141) and (2+1) dimensions, in all the linear and nonlinear models
we studied. This finding is very useful because it opens up the possibility of nu-
merically calculating the steady—state persistence exponents for large systems and
for higher dimensions as well. In fact, this observation enabled us to calculate the
steady—state persistence exponents for (2+1)-dimensional models belonging to the
EW and MBE universality classes. For the MBE universality class, we have con-
sidered the DT model and found the positive and negative persistence exponents in
the steady—state to be ~ 0.76 and =~ 0.85, respectively, in (241) dimensions.

We have also examined in detail the dependence of the measured steady-state
persistence probability in the (141)-dimensional F model on the sample size L
and the sampling interval §t which is always finite in simulations and experimental
measurements. We found that this dependence is described by a simple scaling
form. The scaling function was found to exhibit power law decay with exponent 1
for times larger than L*. We have proposed a simple explanation for this behavior.
We believe that such scaling analysis would prove to be useful in future numerical

and experimental studies of persistence properties.
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3. INFINITE FAMILY OF PERSISTENCE EXPONENTS

FOR INTERFACE FLUCTUATIONS

The concept of persistence has been used in Refs. [29, B0, 38|, 39, 40] to study the
interesting problem of thermally fluctuating interfaces where steps on vicinal sur-
faces undergo random thermal motion in equilibrium [47]. The step persistence
probability is the probability P(to, o + t) that a given lateral step position x with
a height (i.e. step fluctuation measured from the equilibrium step position) h(x, o)
at time ty does not return to this value up to a later time to + ¢t. With no loss of
generality we will set ty = 0 from now on, assuming that thermal equilibrium has
been achieved in the step fluctuations and we are discussing steady-state stationary
properties. The resulting persistence probability P(t) = P(0,t) of fluctuating steps
has recently been studied experimentally using dynamical scanning tunneling mi-
croscopy (STM) in two systems: Al steps on Si (111) surface at high temperatures
~ 970K [38] and Ag (111) surface at low temperatures ~ 320K [39]. In the first case,
the step fluctuations dominated by atomistic attachment and detachment (AD) at
the step edge are known [47] to be well described by the coarse-grained second-order
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non-conserved linear Langevin equation

Oh(z,t)  0%h(x,t)
ot 022

+n(z, 1), (3.1)

where n(z,t) with (n(z,t)n(z’,t)) o« 6(x — 2" )6(t —t') is the usual uncorrelated
random Gaussian noise corresponding to the non-conserved white noise associated
with the random AD process. Low temperature step fluctuations dominated by the
step edge diffusion (SED) mechanism are, on the other hand, described by a fourth

order conserved linear Langevin equation:

Oh(z,t) _34h(x, t)

ot oxt

+ ne(w, 1), (3.2)

where n.(x,t) with (n.(z, t)n.(z',t)) o< V25(x — 2')6(t — t') is a conserved noise
associated with atomic diffusion along the step edge. From a quantitative analysis
of the digitized STM step images as a function of time, the persistence exponent
was found to be § = 0.77 + 0.03 [38] and 6 = 0.87 £ 0.02 [39], respectively, for
the high-temperature AD mechanism and low-temperature SED mechanism. These
measured step fluctuation persistence exponents agree reasonably well with those
found [29] from kinetic Monte Carlo simulations of the corresponding discrete solid-
on-solid models: § ~ 0.75 (for Eq. (3.1))) and # ~ 0.86 (for Eq. (3.2)). These results
are in agreement with the relation 6 = 1 — 3 (in the steady—state regime) since
G =1/4 for Eq. and § = 1/8 for Eq. .

This striking agreement between experimentally obtained and theoretically
predicted values of the persistence exponent demonstrates the overall excellent con-

sistency among theory, experiment, and simulations in this problem, but also brings
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up a key question regarding persistence studies [29, B8, B39, 40] of surface fluctua-
tions: Is persistence really an independent (and new) conceptual tool in studying
surface fluctuations, or, is it just an equivalent (perhaps even complementary) way
of studying dynamic scaling [I}, [47, [68] of height correlations? In this chapter, we
present new theoretical and experimental persistence results on surface step fluctua-
tions that fundamentally transcend any dynamic scaling considerations, establishing
in the process the existence of a novel and nontrivial infinite family (i.e. a contin-
uous set) of persistence exponents for equilibrium step fluctuations. We carry out
quantitative analyses of (digitized) dynamical STM images of step fluctuations both
for high-temperature (Al/Si) and low-temperature (Ag) equilibrium surfaces, and
compare in details the experimental results with those we have obtained from nu-
merical integration of the corresponding Langevin equations and discrete stochastic
Monte Carlo simulations of corresponding atomistic cellular automata type models
in the same dynamical universality classes [1, 47, [68]. All three sets of persistence
results (experimental, continuum Langevin equation, discrete stochastic simulation)
agree very well for both high and low temperature equilibrium step fluctuations, es-
tablishing persistence (particularly, the infinite family of persistence exponents) as a
potentially powerful tool (rivaling, perhaps even exceeding, in utility the well-studied

dynamic scaling approach) in studying dynamical interface fluctuation processes.
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3.1 The generalized persistence probability: persistent large

deviations probability

The infinite family of persistence exponents we study here is based on the concept
of persistence of large deviations introduced recently by Dornic and Godreche [32]
in the context of kinetic Glauber-Ising dynamics of magnetization coarsening (a
closely related idea, that of sign-time distribution, was developed in Ref. [33]). For
equilibrium step fluctuations, we define the probability of persistent large deviations,
P(t,s), as the probability for the “average sign” Say of the height fluctuation to

remain above a certain pre-assigned value “s” up to time ¢:

P(t,s) = Prob { Say(t') > s, Vt' <t }, (3.3)
where
Sav(t) =t! / t dt' S(t'), (3.4)
and
S(t) = sign [h(x,tg +1t) — h(z, to)], (3.5)

where with no loss of generality, we set ty = 0. Although the dynamical vari-
able S(t) above is defined for a particular lateral position x, we take a statistical
ensemble average over all lateral positions to obtain a purely time dependent dy-
namical quantity P(t,s). Since Sav(t) € [—1, 1], the probability P(t,s) is defined
for =1 < s < 1. For s = 1 we recover our earlier simple definition of persis-
tence used in Refs. [29 B0 38, B9]: P(t) = P(t,s = 1) measures the probability

of the height fluctuation remaining above zero (“positive”) throughout the whole
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time interval. For s = —1 the probability P(t,s = —1) is trivially equal to unity
for all t. The generalized probability function, P(¢,s), defined in Eqgs. —
above, leads to a continuous family or hierarchy of persistent large deviations expo-
nents, 0;(s), provided the steady-state decay of P(t, s) in time follows a power law,
P(t,s) ~ t7%) As we show below, this indeed happens for equilibrium step fluc-
tuation phenomena, allowing us to define and measure the non-trivial persistence
exponent 6;(s), —1 < s < 1, that varies continuously between 6,(s = —1) = 0 and
0;(s = +1) = 0 where 0 is the usual persistence exponent. Clearly, P(t, s) and 6;(s)
are natural generalizations of the persistence probability P(t) and the persistence
exponent 6, respectively, to the broader concept of distribution of residence times

with limiting behavior (i.e. s = 1) determining the usual persistence exponent.

3.2 Numerical results and discussions

We have carried out the first application of the persistent large deviations concept
to the equilibrium step fluctuations phenomenon. We also report the first experi-
mental measurements of P(¢,s) and 6, for any stochastic system. Our results for
the two distinct types of step fluctuation processes (the high-temperature AD and
low-temperature ED situations, described [47] by Egs. and (3.2)), respectively)
are shown in Figs. and The details of the experimental procedure for ex-
tracting the persistence probability from the digitized dynamical STM images are
described in Refs. [38, 9] for the same two systems, and are therefore not repeated

here. We only mention that in order to obtain the probability of persistent large
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deviations, we had to use a substantially larger number (~ 100) of STM data sets
than that used in Refs. [38, 39, 40]. As mentioned earlier, we compare the experi-
mental results with two theoretical models in each case: The continuous Langevin
equation (Eq. or (3.2)) and a discrete stochastic model which is theoretically
known [1}, 29} 38, [39], 40, 47, [68] to belong to the same universality class (in the dy-
namic scaling sense) as the continuum equation. For the high-temperature AD step
fluctuations, described on a coarse-grained scale by Eq. (sometimes referred
to as the Edwards—Wilkinson equation [I]), the discrete stochastic model we use is
the extensively studied solid-on-solid Family model [I], 3]. For the low-temperature
ED case, described on a coarse-grained scale by Eq. (sometimes referred to
as the Mullins-Herring equation with conserved noise [I]), the discrete stochastic
model we use is the well-studied Racz model [56]. Our results are obtained from
numerical integration of the Langevin equations using the simple Euler scheme [29],
and standard Monte Carlo simulation [29] of the atomistic models. Typical system
sizes used in the numerical work are ~ 1000 for Eq. and ~ 100 for Eq., and
the number of independent runs used in the calculation of persistence probabilities
is ~ 1000.

In Fig. [3.1] we show in the top two panels our measured (panel (b)) and calcu-
lated (panel (a), main figure and inset) persistent large deviation probability P(¢, s)
as a function of time ¢ for the high-temperature step fluctuations case. Each panel
shows eight different log-log plots of P(t,s) against t for eight different values of
the average sign parameter s (= +1,40.75, ..., —0.75 from the bottom to the top).

As mentioned before, the case s = +1 (the bottom-most curve) corresponds to
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Figure 3.1:
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Log-log plots of P(t,s) vs. t for high-temperature surface step

via the AD mechanism, shown for different values of s: s =

1.0,0.75,0.5,0.25,0, —0.25, —0.5, —0.75 (from the bottom to the top). (a) Eq.(3.1)

(main figure) and the Family model (inset); (b) experimental data from STM step

images of Al on Si(111) surface; and (c¢) comparison of the various sets of results for

0, as a function of s. The error bars shown for the experimental data are obtained

from variations of the local slope of the log P(t, s) vs. logt plots. Simulation results

for two sample sizes are shown to illustrate that the use of small samples leads to

an underestimation of 6;(s).
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the usual persistence probability P(t), and therefore the results shown in Fig. 3.1
for s = 1 are already known. The results for all the other values of s are new
and non-trivial. The linearity of the log-log P(t,s) vs. t plots immediately implies
that P(t,s) ~ t~%) The different sets of results for 6, as a function of s are
shown in Fig.[3.1{(c). The excellent agreement among the various data sets shown in
Fig. [3.1)c) is the most important new quantitative result of our work. This means
that the high-temperature step fluctuation phenomenon via the AD mechanism is
indeed described by the Edwards-Wilkinson equation (and therefore also by the
discrete Family model), not just in the sense of the dynamical universality class (as
defined by specific exponent values, e.g. [ and #) but more importantly for the
infinite family of persistent large deviations exponents as defined by the continuous
function 0)(s). This striking agreement between experiment and theory for a contin-
uous family of exponents definitely establishes persistent large deviations studies as
a new and effective tool for studying dynamical fluctuations of nanoscale systems.
In Fig. [3.2] we present results similar to those in Fig. 3.1 but now for the ED
mechanism step fluctuation data along with the corresponding theoretical results for
the continuum Langevin equation defined by Eq. and the discrete stochastic
Racz model which are known [29] 39, 47, [3] to be in the same dynamic universality
class as the low-temperature step fluctuation process. The same description and
explanation given above for Fig. apply now to Fig. where 6;(s = 1) & 0.875,
which agrees with recent experimental measurements [39] of the usual persistence
exponent of low-temperature step fluctuations on Ag and Pb surfaces. The experi-

mental and theoretical results for the continuous function €;(s), shown in Fig. |3.2(c),
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Figure 3.2: The same as in Fig. for the low-temperature step fluctuations via
the ED mechanism. (a) The continuum Langevin equation of Eq. (main fig-
ure) and the discrete stochastic Racz model (inset); (b) experimental data for the
Ag(111) step fluctuations; and (c) comparison of the three sets of results for 6;:
experiment (star), stochastic Racz model (square) and Eq. (circle). The inset

shows the time-dependence of the local exponent 6;(s,t) obtained from simulations

of the Langevin equation for s = 0.25 and s = 0.50.
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exhibit qualitative agreement, with the experimental exponent values for s < 1 be-
ing slightly larger than the theoretical ones. There are several possible explanations
for this difference between experimental and theoretical results. There are reasons
to expect that increasing the dynamic range of the experimental P(t¢,s) beyond
two decades in ¢ (this range is limited by noise problems inherent in dynamic STM
imaging) would bring theory and experiment into closer agreement. To illustrate
this possibility, we show in the inset of Fig. ﬂ(c) the time-dependence of the local
exponent 6;(s,t) = dlog[P(s,t)]/dlogt, obtained from simulations of the Langevin
equation for two values of s for which the difference between theory and experiment
is large. The local exponent is found to decrease with time before reaching a con-
stant value at large t. We have checked that the experimental data show similar
behavior for all s < 1, which implies that the effective exponent values obtained
from power-law fits of relatively short-time data would be larger than the true long-
time values. Indeed, we have found that fits of the simulation data over the range
20 <t <200 (this is the range used in obtaining 6;(s) from the experimental data)
yield values of 6;(s) that are higher and closer to the experimental values. A second
possibility is that the smallness of the sample size used in the simulations leads
to an underestimation of the values of 6;(s), as in Fig. |3.1{c). Unfortunately, the
impossibility of equilibrating much larger samples of these models with very slow
dynamics prevents us from checking this explicitly. Another possibility that we can
not rule out is that the Ag(111) equilibrium step fluctuations do not precisely fol-
low the theoretical models of edge-diffusion limited kinetics. Further experimental

and theoretical investigations would be needed for settling this issue. We should
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emphasize, however, that given the severe complexity in measuring any power law
exponents associated with surface step fluctuation dynamics, the overall agreement

between theory and experiment is quite good.

3.3 Conclusion

In summary, we have established the concept (and the usefulness) of an infinite
family of persistent large deviations exponents for height fluctuations in equilibrium
surface step dynamics phenomenon. The impressive agreement between theory and
experiment indicates that the persistent large deviations probability (and the cor-
responding exponents) may very well be an extremely powerful tool in characteriz-
ing and understanding other stochastic fluctuation phenomena, e.g., kinetic surface
roughening in nonequilibrium growth. In contrast to other dynamical approaches,
the technique developed in this chapter leads to a continuous family of exponents
(a continuous function rather than one or two isolated independent exponents, as
in the dynamic scaling approach) and is therefore a much more stringent test of
theoretical ideas, and also perhaps provides a deeper level of probing the dynamics

of fluctuation problems.
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4. SURVIVAL PROBABILITY: A DIFFERENT

FIRST-PASSAGE STATISTICAL CONCEPT

As mentioned before, recent experimental STM measurements of step fluctuations
[38] have revealed that the survival probability of the dynamical step height (at a
fixed but arbitrary spatial location) not returning in time ¢ to its average (“equi-
librium”) level, has an exponential behavior, S(t) x exp(—t/7s), where 7 is the
survival time scale. In this chapter, we provide a definitive theoretical explanation
for this exponential temporal behavior of the surface fluctuation survival probability
using rigorous (analytical) arguments and direct (numerical) simulations. We note
that survival and persistence turn out to be identical in problems related to Ising spin
dynamics, where one is interested in the probability that a spin has not changed its

sign (has not “flipped”) up to time 1EI This is due to the discrete nature of Ising spin

!Unfortunately, rather confusing terminology has been used in the spin dynamics literature to
describe this probability, including persistence, survival, and non-zero-crossing probability. Further
confusion is caused by the fact that even in the surface dynamics problem, persistence and survival
become the same if one starts from the initial condition of a “flat surface” (which cannot be achieved

experimentally) and defines “survival” with respect to the average surface which is also “flat”
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dynamics, where a spin flip ensures a change of sign with respect to both the initial
and the average (or any other reference) value of the stochastic variable. In contrast,
the continuous nature of surface fluctuation dynamics, where the step height is a
continuous variable, leads to a fundamental qualitative difference between P(t) and
S(t). This qualitative difference was noted as an experimental fact and an unsolved
puzzle in Ref. [38] for equilibrium step fluctuations on Al/Si(111)?} We emphasize
that the probabilities P(t) and S(t) provide completely different physical informa-
tion about surface step fluctuations: while persistence characterizes the universality
class of the dynamical process through the persistence exponent 6, survival, as dis-
cussed in this chapter, provides useful information about the physical mechanisms
(and their characteristic time scales) underlying step fluctuations in the long-time
limit.

Another time scale that invariably enters experimental and numerical mea-
surements of any statistical quantity is the sampling time dt (the interval between
successive measurements of the step position). An understanding of the effects
[65], 66] of a finite 6t on the measured survival probabilities is necessary for compar-
ing experimental and numerical results with theoretical predictions.

We present the results of a detailed study of the behavior of S(¢) for two linear
Langevin equations that describe [I1,[69] step fluctuations under attachment/detachment

(“high-temperature”) and edge-diffusion (“low temperature”) limited kinetics. We

2We point out in this context that in Ref. [38] both of these probabilities were unfortunately
called persistence probability (with respect to the average position and the initial position, respec-

tively) causing perhaps some confusion.
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first show analytically that if the equilibrium autocorrelation function C(t) of height
fluctuations decays exponentially at long times, then S(¢) must also decay exponen-
tially with a time scale that is proportional to the correlation time (the time scale
of the decay of C(t)). This prediction is verified from numerical simulations of the
Langevin equations. The simulation results also provide information about the de-
pendence of the measured survival probability on the sampling time 6t. We show
that the survival probability S(t, L,dt) exhibits simple scaling behavior in both
models. Finally, we use available experimental data [38] 39, [70] to calculate C(t)
and S(t) for two physical systems that are believed to be described by these two
Langevin equations and show that the experimental results are consistent with our

predictions.

4.1 Autocorrelation function of height fluctuations

High-temperature step fluctuations dominated by atomistic attachment and detach-
ment at the step edge are known [69] [I] to be well described by the second-order

non-conserved linear Langevin equation

Oh(z,t)  T,8 9*h(z,t)
gt kel oaz @ (4.1)

Here, h(z,t) is the dynamical height fluctuation (position of the step edge measured
from its equilibrium value) at lateral point z along the step and time ¢, ', is the “step
mobility”, (3 is the step-edge stiffness, and 7n(z,t) is a nonconserved Gaussian noise
satisfying (n(x, t)n(z’,t')) = 2I'0(x —2')6(t—t'). Low-temperature step fluctuations
dominated by the step edge diffusion mechanism are, on the other hand, described
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by the fourth order conserved Langevin equation

Oh(zx,t) 6 0*h(x,t)

TR e A CEL (42)

with (n.(z,t)n.(z',t')) = =20, V2§(x — 2/)o(t — t').

Space- and time-dependent correlation functions of height fluctuations in these
two linear equations may be calculated [, [69] easily by Fourier transforms. We
assume that height fluctuations are measured from the spatial average of h(x,t), so
that the & = 0 Fourier component of h(z,t) is zero at all times. The autocorrelation
function of h(k,t), the Fourier transform of h(x,t), has the following form in the

long-time equilibrium state:
~ ~ kgT s
(h(k, t)h(=k, t2)) = %exp(—mk |t1 — ta|/kBT), (4.3)

where z =2, I' =T, for Eq. (4.1)), and z =4, I' = T'}, for Eq. (4.2)). The autocorre-

lation function of height fluctuations at equilibrium is then given by

Cit) = (h(x,t1)h(x,t2))

_ 2kp /°° dk exp(=TBk*[t|/kpT)
N b . 2T k?

(4.4)

B Jkin
where t = t; — to and ky,;, = 27/ L for a finite system of linear dimension L. This
implies that C(t) exhibits an exponential decay at long times, C(t) oc exp(—t/7. )}
where the correlation time 7, is equal to kgTL?/(27)*T'5.

There are other physical mechanisms that may lead to an exponential decay

of C(t) at long times. The fluctuations of a particular step are affected by its

3For details, see Ref. [70]
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interaction with neighboring steps. These interaction effects, which are negligible
at relatively short time scales if the spacing between neighboring steps is large,
may become important at long times. If one assumes that the step fluctuates in a
harmonic confining potential [69], (A\/2) [ h*(z)dz, then one obtains an additional
term, —Al,h(z,t)/kpT, in the right-hand of Eq. (4.1), and AI',\V2h(z,t)/kgT in

Eq. (4.2). The function C(t) is then given by

. (4.5)

> dk exp[~T(Bk* + \k*~2)|t|/ksT
knLin 27T BkQ + )\

This, again, leads to an exponential decay of C'(t) at long times, with the correlation

time 7, a function of A and L.

4.2 Swurvival probability

There exists a rigorous theorem [71] that states that if the autocorrelation function
C(t) of a stationary Gaussian process decays exponentially in time, then its survival

probability S(¢) must also decay exponentially for large ¢,
S(t) o exp(—t/7), (4.6)

with the survival time scale 7, proportional to the correlation time 7.. The con-
stant of proportionality, ¢ = 7,/7., which must be less than unity and independent
of the system size L, is usually nontrivial, being determined by the full functional
form of C(t). Since the height fluctuations in our models represent a stationary
Gaussian process at equilibrium, this rigorous result applies for the survival proba-

bility of these fluctuations. Thus, we arrive at a very general, exact result that the
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survival probability of equilibrium step fluctuations should decay exponentially at
long times if the autocorrelation function does so. This is the first important result
of this chapter. Further, measurements of the ratio ¢ of the two time scales may
provide valuable information about the nature of the processes involved in the step

fluctuations.

4.3 Numerical results

We have investigated these aspects in a detailed numerical study in which a simple
Euler scheme [29] is used to numerically integrate spatially discretized versions of
Eqgs. and . All the results reported here were obtained in the equilibrium
regime. S(t) is measured as the probability that the height fluctuation h; at a
particular site ¢ does not cross the average step height (which is conveniently chosen
as the “zero” of the height stochastic variable) over time ¢, averaged over all sites and
many (~ 10* — 10°) independent runs. C(t) is calculated exactly using discretized
versions of Eqs. and .

Typical results for C'(t) and S(¢) are shown in Fig. (a-c) for Eq. and
in Fig. [1.2) (a-c) for Eq. [A = 0 in both cases]. As indicated in the figures,
we used several different values of the sampling time §t in the measurement of S(¥)
[C(t) is, of course, independent of dt]. It is clear from the plots that both C()
and S(t) decay exponentially at long times. The time scales 7. and 7, are extracted
from exponential fits shown in the semi-log plots as dashed straight lines. The

dependence of 7, on L is given exactly by 7.(L) = (L/27)*. The results for different
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values of L shown in Figs. and indicate that 7, also increases rapidly as L is
increased. However, we find that the calculated values of 74 extracted from the S(t)
data obtained for different L using the same sampling time 0t exhibit small but clear
deviations from the expected proportionality to L?. These small deviations result
from a weak dependence of S(¢) on the sampling time dt. As shown in Fig. 4.1k)
and Fig. [4.2p), the rate of the exponential decay of S(t) at large t depends weakly
on the value of dt used in the measurement of S. This is in accordance with the
analytic predictions of Refs. [65] 66]. Since the only time scale in the problem is 7,
(as mentioned above, 75 should be proportional to 7.), the dependence of S(t) on
the sampling time §¢ should involve the scaling combination 6t/7.. Since 7.(L) o< L?
in our models, this argument suggests that the sampling time should be chosen to
be proportional to L? if the survival probabilities for different values of L are to be
tested for scaling. Indeed, as shown in Fig. [1.1{), the values of S(t) obtained for L
= 100, 200 and 400 using 6t = 0.625, 2.5 and 10.0, respectively, (so that dt oc L?
with z = 2) all fall on the same scaling curve when plotted as functions of ¢/L* with
z = 2. As shown in Fig. 4.2d), a similar scaling collapse is obtained for Eq. .
Here, the sampling times for different L are chosen to be proportional to L*, and the
best scaling collapse is obtained when the data for different L are plotted against
t/L* with z ~ 3.95. These results establish that the full function S(t,L,dt) (not

just the asymptotic long-time part) has the scaling form
S(t, L, 6t) = f(t/L*, 0t/ L), (4.7)

where the function f(x,y) decays exponentially for large values of z and the rate of
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Figure 4.1: S(t) and C(t) for the Langevin equation of Eq.(1). The dashed lines are
fits of the long-time data to an exponential form. In panels (a-c), the uppermost
plots show the data for C(t). Panel (a): L = 100, ¢t = 0.625. Panel (b): L = 200,
ot = 2.5. Panel (c): L = 400, 6t = 10.0 (upper plot) and 6t = 1.0 (lower plot).
Panel (d): Finite-size scaling of S(t, L, §t). Results for S for 3 different sample sizes

with the same value of 6t/L* (z = 2) are plotted versus t/L?.
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the same value of §t/L* (z = 4) are plotted versus t/L*.
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this decay increases slowly as y is decreased. This finite-size scaling behavior of S,
which represents the second important result of our study, is similar to that found
[72] for the persistence probability in a coarsening system. However, the dependence
on the sampling time, essential in our scaling considerations, was not analyzed in
Ref. [72].

We have also studied the behavior of C(t) and S(t) for Eq. when the
value of 7. is primarily determined by the presence of a nonzero A\ associated with
step-step interaction (cf. Eq. above). By varying A and 0t for a system with
L = 400, we find that S(t, A, 0t) exhibits excellent scaling behavior as a function
of t/7. if the quantity dt/7. is held constant. Therefore, we conclude that S is a
function of the scaling variables t/7. and dt/ 7, irrespective of the origin of the finite
value of the correlation time 7.

For A = 0, the ratio ¢ = 75/7, for Eq. decreases from about 0.57 to about
0.41 as the ratio 6¢/7. is decreased from 0.025 to 2.5 x 107, indicating that ¢ ~ 0.4
in the 0t — 0 limit. For relatively large L and nonzero A\, where 7. is determined
primarily by the value of A\, we find that ¢ ~ 0.47 for 6t/7, = 0.025. The difference
between the values of ¢ for the same value of §t/7. in the two cases reflects the
expected dependence of ¢ on the details of C(t). For Eq. with A = 0, the
value of ¢ decreases from about 0.44 to about 0.30 as dt/7. is decreased from 0.01 to
6 x 107%. The qualitative behavior of ¢ as a function of §t/7, is similar in all the cases
we have considered, and is consistent with the general predictions of Refs. [65, [66].

We have also used dynamical STM data to calculate C(t) and S(t) for two

experimental systems: Al/Si(111) at relatively high temperatures, which is believed
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Figure 4.3: S(t) and C(t) for two experimental systems. The dashed lines are fits
of the long-time data to an exponential form. Panel (a): Al/Si(111) at T" = 970K.

Panel (b): Ag(111) at T' = 450K.

138, 168, [73] to provide a physical realization of Eq. (4.1]), and Ag(111) at relatively
low temperatures where the step fluctuations are expected [39, [70] to be governed
by the conserved Eq.(.2). Some of the results of this analysis are shown in Fig. [1.3]
For Al/Si(111) at 970K we find exponential decay of both C(t) and S(¢). The value
of the ratio ¢ obtained from the estimates of 7. and 75 is close to 0.5. This value is
right in the middle of the range of values of ¢ obtained from our numerical study of
Eq. (4.1). The Ag(111) at 450K data is characterized by ¢ ~ 0.34, which is again
in the range of values obtained in the numerical study of Eq. . We, therefore,
conclude that the available experimental data on S(t) and C(t) are consistent with
our theoretical results.

Experimental data on the Al/Si(111) system are available at several tempera-
tures between 770K and 1020K. As reported in Ref. [38], S(¢) decays exponentially
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at long times at all these temperatures, with 7, decreasing from 3.6s to 0.9s as T is
increased from 770K to 1020K. Using these values of 7, (actually, the corresponding
values of 7, obtained from the relation 7,/7. ~ 0.5) together with the values of the
parameters I and B obtained from other measurements [68] [73], we have calculated
an “effective length” L.¢; that would lead to the observed finite value of 7. if it
resulted from a finite length of the sample. The value of L.ss is found to decrease
from 4020A to 3894 as T is decreased from 1020K to 770K. These values are much
smaller than the nominal step lengths in the experimental sample. The observed
T-dependence of L.ss is inconsistent with the possibility that the finite values of
T. are due to a nonzero value of the parameter A\: the length scale associated with
A should increase [69] as T is decreased. It is possible that L.fs is a measure of
the typical length of a step edge between adjacent points that are held fixed by
some kind of pinning centers. Since pinning becomes more effective at low 7', this
mechanism would provide a qualitative explanation of why L.s¢ decreases as T is
reduced. Yet another possibility is that L.¢s is a measure of the length scale over

which step edge fluctuations are effectively equilibrated.

4.4 Conclusion

To conclude, we have shown analytically and numerically that the survival prob-
ability of equilibrium step fluctuations on vicinal surfaces decays exponentially at
long times, and have established a relation between the time scales characterizing

the exponential decay of the survival probability and the autocorrelation function.
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Our theory explains the puzzling experimental finding of an exponential decay of
S(t) reported in Ref. [38]. We have also shown that the survival probability ex-
hibits simple scaling as a function of the system size and the sampling time, which
plays a very important role in the measurement of S(¢). Similar scaling features are

displayed by the generalized survival probability, as we will see in the next chapter.
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5. GENERALIZED SURVIVAL IN EQUILIBRIUM STEP

FLUCTUATIONS

In this chapter, we introduce the concept of a generalized survival probability which
enables us to probe deeper into the nature of the stochastic process of interface
step fluctuations. The generalized survival probability is the probability S(¢, R)
that a given lateral step position z with a height (i.e., step fluctuation measured
from the equilibrium step position) h(x,t) at time ¢ does never cross a pre-assigned
reference level of the height, R, throughout the entire evolution. We have seen in
Chapter 4 that the particular case with R = 0 (i.e., the probability of the dynamical
step height not returning in time t to its average (“equilibrium”) R = 0 level)
has been studied [43] both analytically and experimentally, and it has been shown
to exhibit an exponential decay at large times, S(t) o exp(—t/7s), where 7y is
the survival time scale that provides information about the underlying kinetics.
The resulting surface step fluctuation survival probability S(¢) = S(¢, R = 0) and
the associated time scale 75 have also recently been studied experimentally using
dynamical scanning tunneling microscopy (STM) on different metallic systems: Al
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steps on Si (111) surface at high temperatures, and Ag and Pb (111) surfaces at
relatively low temperatures [70]. In this chapter, we show numerically that S(t, R)
also has an exponential behavior at large time, S(t, R) o exp(—t/75(R)), where
7s(R) is the generalized survival time scale. Our study reveals the dependence of
7s(R) on the system size L, sampling interval ¢, and reference level position R,
allowing us to establish the complete scaling form of S(¢, R). In particular, the
sampling interval [65] [66] turns out to be an essential ingredient inherent in any
real experimental measurement procedure. Also the study of the dependence of the
generalized survival time scale on the choice of the reference level R, which turns out
to be exponential, should have particular importance for understanding the effect
of thermal fluctuations at the nanoscale.

We consider the case of the high-temperature step fluctuations dominated by
atomistic attachment and detachment (AD), where the step edge is known [1] to
be well described by the coarse-grained second-order non-conserved linear Langevin
equation (i.e., the Edwards—Wilkinson (EW) equation [12]).

For equilibrium step fluctuations, we define the generalized survival probability
with respect to the height reference level R, S(t, R), as the probability for the height

variable to remain consistently above a certain pre-assigned value “R” over time ¢:

S(t,R) = Prob { h(z,t') > R, Vio <t <to+t}, (5.1)

where h(z,t) is the dynamical height of the interface at a fixed lateral position z at
time ¢, and %, is the initial time of the measurement.

The generalized survival probability function, S(t, R), defined in Eq. (5.1)
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above, leads to a hierarchy of generalized survival time scales, 75(R), if the steady-
state decay of S(¢, R) in time follows an exponential trend, S(t, R) ~ e #/™(F)  Asg
we show below, this indeed is obtained for Edwards—Wilkinson equilibrium step
fluctuation phenomena, allowing us to define and measure the non-trivial survival
time scale 74(R), 0 < R < Ry, that varies between 75(R = 0) and 75(Raz),
where 74(R = 0) is the usual survival time scale and 75( R4, ) is the survival time
with respect to the highest reference level R, that can be defined for a model
with finite roughness (i.e. rms fluctuations of the height variable with respect to
the average). Ryq. is limited by the maximum value of the height fluctuation
amplitude. Obviously, S(¢, R) and 7,(R) are natural generalizations of the survival
probability S(¢) and the survival time scale 75, respectively, to the more complex
concept of distribution of generalized survival times with limiting behavior (i.e.
R = 0) providing the usual survival time.

The exponential decay at large time of S(t, R) that we find numerically is not
surprising. The generalized survival probability with respect to the reference level
R can be regarded as the probability Z(t) of no zero crossing of the new stochas-
tic variable H(z,t) = h(z,t) — R. What we are looking for is the probability for
the stochastic variable H(z,t) to remain positive up to time ¢ (or, equivalently, the
probability for h(z,t) + R to remain negative over time ¢). This type of question
for the Gaussian stationary processes with zero mean has been addressed by mathe-
maticians for a long time [31]. The no zero crossing probability is traditionally inves-
tigated in conjunction with the autocorrelation function, Cy = (H(x,t1)H (x,t3))
(where (...) represents an average over all realizations of H(x,t) arising from the
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thermal noise source). It is known [71] that for a stationary Gaussian process (i.e.
Cy = f(|t1 — t2|) = f(t)) with an autocorrelation function decaying faster than 1/t
at large t, the asymptotic behavior of the no zero crossing probability is exponen-
tial, Z(t) oc exp(—ut). The autocorrelation function Cy(t) itself has been shown
[43] to be stationary at late times and to decay exponentially. This, along with the

exponential decay of Z(t), ensures an exponential decay for S(t, R).

5.1 Numerical measurement of S(¢, R) for the atomistic

stochastic Family model

In order to numerically simulate the process described by the attachment /detachment
limited kinetics (i.e., Eq. , we have used discrete stochastic Monte Carlo simu-
lations of the corresponding atomistic solid—on—solid model, the extensively studied
Family model [I], which belongs asymptotically to the Edwards—Wilkinson univer-
sality class [12]. The Family model in (14+1)-dimensions (i.e. one spatial variable
and one temporal variable) is characterized by f = 1/4, a =1/2 and z = o/ = 2
[1], where the growth exponent (3 is the rate of change of interface width (or rough-
ness) in the transient regime (w(t) ~ t7), the roughness exponent a shows the
saturation of the width for a system with fixed size L in the steady state regime
(w(L) ~ L*) and z is the dynamical exponent. This model involves the traditional
random deposition (at a rate of one complete monolayer during one unit of time) and
surface relaxation such that the adatoms are searching for the sites with the mini-

mum local height. We have taken the relaxation length to be the lattice constant
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and we have applied the usual periodic boundary conditions. Typical sizes (i.e.,
number of lattice sites) used in this numerical work are 100 — 900, and the averaging
procedure implies a number of at least 10° independent runs. All the measurements
correspond to the steady state regime where the interface roughness has reached a
time independent equilibrium value (i.e., ¢, > L* in Eq. ) We also mention
that the smallest value for the sampling time is 1. We emphasize that our use of
Family model is just a matter of convenience in simulating the EW equation [I]; our
results are simply an exact discrete stochastic simulation of the EW equation.

Our results for the generalized survival probability and the associated time
scale are presented in Figs. and S(t, R) is simply computed as the fraction
of sites which, starting above (below) the level R (—R) at time t(, have not crossed
the reference level up to a later time ¢y + ¢. In Fig. [5.1] we show that, as expected,
the generalized survival with respect to an arbitrary reference level R follows an
exponential decay at large times. The only varying parameter in Fig. [5.1] is the
reference level R. We have considered six values for R, R = 0,1,...,5 (only the
first four curves are displayed due to the limitations imposed by the quality of the
statistics, since as R increases it is less probable to have a reasonable number of
lattice sites with height variables above (below) R (—R)). The dashed lines are
fits of the long-time data to an exponential form, S(¢, R) o« exp(—t/7s(R)). The
upper curve has R = 0 and corresponds to the usual survival probability previously
studied in Ref. [43]. However, all the other curves are new and they prove that the
generalized survival probability decays exponentially in the long-time limit, with
an associated time scale, 75(R), which decreases with the reference level value. As
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Figure 5.1: S(t, R) for the discrete Family model. The dashed lines are fits of the
long-time data to an exponential form. The system size is L = 100, the sampling
time is 0t = 1.0 and the reference level R takes four different values: 0, 1, 2 and 3
(from top to bottom). The inset shows the dependence of the generalized survival
time scale 75(R) on the reference level value (up to R = 5). The continuous curve

represents a fit to an exponential decay of 75(R) vs. R.
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shown in the inset of Fig. , the dependence of 74(R) on R is exponential, but

clearly more work is needed in order to understand this trend.

5.2 Scaling form of S(¢, R)

In Fig. we have used several lattice sizes, sampling times and reference levels in
order to identify the scaling behavior of S(¢, R). In panel (a) we show the generalized
survival with respect to level R = 1, measured using 0t = 1, for two system sizes:
L =100 and L = 200. We observe that the underlying survival time scale increases
rapidly with L. In fact, 7,(R) for a fixed R is expected to grow proportionally to L?
[43]. However, we obtain that 75(R = 1) ~ 103 for L = 100, and 75(R = 1) ~ 429
for L = 200, so the measured generalized survival time exhibits a small deviation
from the expected value of 103 x 4 = 412. We find that this small effect is due to
the dependence of the generalized survival on sampling time 6¢. This is clearly seen
in panel (b). It turns out that a system with a fixed size (L = 200) is characterized
by different values of 75(R) if the sampling time of the measurement is adjusted. We
observe that 74(R) increases weakly as the sampling time is increased. One might
argue that this effect is very small and could be neglected, but we have found that
the effect of the sampling time on the measured generalized survival probability has
to be taken into account in order to find the complete scaling function of S(¢, R).
In addition, this effect is even stronger for systems with slower dynamics (i.e. larger
z) [43]. Interestingly enough, we note that fixing the reference height level in the

generalized survival probability problem introduces an additional length scale, that
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is related to the steady state value of the interface width, i.e. L*. Indeed, in panel
(c) we look at three different systems with L = 200, 400 and 900, respectively, and
the generalized survival curves are calculated for R = 1, 2 and 3, respectively, i.e
the level R is varied proportionally to L, with & = 1/2 as appropriate for the EW
equation. In addition, the sampling time for each of these three cases is also varied,
0t o< L* (z = 2), so we have considered ot = 1 for L = 100, §t = 16 for L = 400,
and 6t = 81 for L = 900, respectively. A perfect collapse of the curves S(¢, R)
vs. t/L* occurs when using z = 2.03, which agrees with the expected value z = 2,
characteristic for the EW dynamics. This numerical analysis allows us to conclude

that the scaling form of the generalized survival probability is

S(t, L, R,8t) = f(t/L* R/L*, 6t/L), (5.2)

where the function f(z,y, z) decays exponentially for large values of z. The rate of
this decay decreases rather rapidly as y is decreased and increases rather slowly as
z is decreased. Note that for y = 0 we recover the scaling form of the usual survival

probability with R = 0 [43] that has been analyzed in details in the previous chapter.

5.3 Conclusion

To conclude, we have shown that the generalized survival probability of equilibrium
step fluctuations on vicinal surfaces with Edwards-Wilkinson dynamics decays ex-
ponentially at long times. We have investigated the associated generalized survival
time scale that depends on the system size L, sampling time d¢, and the choice of the
reference level R. In particular, the dependence of 74(R) on R, which based on our
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Figure 5.2: S(t, R) for the Family model. The dashed lines are fits of the long-time
data to an exponential form. (a): L = 100 (lower curve) and L = 200 (upper curve),
using fixed sampling time 6t = 1 and reference level R = 1. (b): 6t = 1 (lower plot)
and 6t = 16 (upper plot) with fixed system size L = 200 and R = 1. (¢): Scaling of
S(t, R) using different system sizes with 6t and R varied such that §t/L* and R/L*
are kept constant (i.e. 0t/L* = 1/10000 and R/L* = 1/4/100). A perfect collapse

of the curves with L=100, 400 and 900, respectively, occurs when using z = 2.03.
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preliminary investigations seems to have an exponential trend, should be useful in
understanding the stability of thermally fluctuating interfaces. We have also shown
that the generalized survival probability exhibits simple scaling as a function of L,
dt, and R. Our numerical results on S(¢, R) can be easily extended to fluctuating
interfaces characterized by different dynamical evolutions (such as low—temperature
step edge diffusion limited kinetics) belonging to different universality classes. Our
goal here, using the example of the step fluctuations process characterized by the
EW universality class, is to establish the generalized survival probability as an im-
portant statistical concept in studying thermally fluctuating interfaces.

Finally, we mention that the generalized survival probability could be experi-
mentally measured using dynamical STM step fluctuations data, opening the possi-
bility for a direct approach to the crucial issue of interfacial stability. Our theoretical
considerations for S(¢, R) should also be useful in understanding the dynamical evo-
lution of other physical processes [34], 35, 30, B7, [74] where a first-passage statistics

has proven to be an useful concept.

118



6. SPATIAL PERSISTENCE AND SURVIVAL

PROBABILITIES FOR FLUCTUATING INTERFACES

6.1 Introduction

The concept of temporal persistence [19], which is closely related to first-passage
statistics, has been used recently to study various non-Markovian stochastic pro-
cesses both theoretically [23| 29 B0] and experimentally [34], 35, [36] 37, B8] 39, [74].
On the other hand, very little is known about the behavior of the spatial persistence
and/or survival probability. As explained in Section there are two exponents,
0ss and Opjc, associated with P(xg, 2o + x). The values of the exponents fg5 and
Orc for interfaces with dynamics described by a class of linear Langevin equations
have been determined in Ref. [45] using a mapping between the spatial statisti-
cal properties of the interface in the steady state and the temporal properties of
stochastic processes described by a generalized random-walk equation. It turns out
that for these systems, g is equal to either 3/2 —n for 1/2 < n < 3/2 or 0 for

n > 3/2, where n = (z —d +1)/2, d is the spatial dimension, and z is the standard
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dynamical exponent of the underlying Langevin equation. The FIC spatial persis-
tence exponent is found to have the value 0p;c = 0(n), where 6(n) is a temporal
persistence exponent for the generalized random walk problem to which the spatial
statistics of the interface is mapped. Two exact results for §(n) are available in the
literature: 6(n = 1) = 1/2, corresponding to the classical Brownian motion [57] and
O(n = 2) = 1/4, corresponding to the random acceleration problem [58, [75].

Very recently, experimental measurements of the spatial persistence proba-
bility have been performed [74] for a system (combustion fronts in paper) that is
believed to belong to the Kardar—Parisi-Zhang (KPZ) [13] universality class. How-
ever, the FIC spatial persistence probability is not investigated at all in this work.
Instead, the authors analyze a “transient” spatial persistence (i.e., the probability
is measured by sampling over all the sites of a transient interfacial profile obtained
before the steady state is reached). This transient spatial persistence is completely
different from the FIC spatial persistence which is measured in the steady-state
regime by sampling a special class of initial sites. As a consequence, additional
study is required in order to understand the experimental and numerical possibili-
ties for measuring Pr;c and its associated nontrivial exponent 0z;c.

In this chapter, we present the results of a detailed numerical study of spa-
tial persistence in a class of one-dimensional models of fluctuating interfaces. Our
interest in analyzing the spatial persistence of fluctuating interfaces is motivated
to a large extent by their important (and far from completely understood) role in
the rapidly developing field of nanotechnology where the desired stability of nan-
odevices requires understanding and controlling thermal interfacial fluctuations. In
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this context, the study of first-passage statistics in general, or of the persistence
probability (both spatial and temporal) [29, B30, 45] in particular, turns out to be
a very useful approach. To address this problem we consider stochastic interfaces
with dynamics governed by the Edwards-Wilkinson (EW) [12] and KPZ equations.
For the EW equation, we consider both white noise (uncorrelated in both space
and time) and “colored”noise that is correlated in space but uncorrelated in time.
The effect of noise in spatially distributed systems is an interesting problem by it-
self and has been widely studied [76]. In this chapter, we investigate the effects of
noise statistics on the spatial structure of fluctuating interfaces using the conceptual
tool of spatial persistence probability. Using the isomorphic mapping procedure of
Ref. [45], we derive exact analytical results for the spatial persistence exponents of
(d + 1)-dimensional EW interfaces driven by power-law correlated noise. We then
compare our analytical results with those obtained from numerical integrations of
the corresponding stochastic equations. The use of power-law correlated noise in the
EW equation allows us to explore the situation where the two spatial persistence
exponents fgs and 0p;c are different.

Our numerical study also provides a characterization of the scaling behavior of
spatial persistence probabilities as functions of the system size. Information about
the system-size dependence of persistence probabilities is necessary for extracting
the persistence exponents from experimental and numerical data. In studies of the
scaling behavior of spatial persistence probabilities, one has to consider another
important length scale that always appears in practical measurements: this is the
sampling distance dx which represents the “nearest-neighbor”spacing of the uniform
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grid of spatial points where the height variable h(x,ty) is measured at a fixed time t.
The sampling distance dx is the spatial analog of the “sampling time” [43, [65] that
represents the time-interval between two successive measurements of the height at
a fixed position in experimental and computational studies of temporal persistence.
Once the effect of a finite dx on the measured spatial persistence is understood,
one can relate correctly the experimental and numerical results to the theoretical
predictions. Our study shows that the spatial persistence probabilities (both SS
and FIC) exhibit simple scaling behavior as functions of the system size and the
sampling distance.

In addition to the temporal persistence probability, the temporal survival prob-
ability [38], 43, [44] has been shown recently to represent an alternative valuable
statistical tool for investigations of first-passage properties of spatially extended
systems with stochastic evolution. In the context of interface dynamics, the tempo-
ral survival probability is defined as the probability that the height of the interface
at a fixed position does not cross its time-averaged value over time ¢. In contrast
to the power-law behavior of the temporal persistence probability (which, we recall,
measures the probability of not returning to the initial position), the temporal sur-
vival probability exhibits an exponential decay at long times, providing information
about the underlying physical mechanisms and their associated time scales [43]. In
this study, we make the first attempt to analyze the behavior of the spatial survival
probability, S(xg, ro + x), defined as the probability of the interface height between
points zy (which is an arbitrarily chosen initial position) and z¢+ 2 not reaching the
average level (h) (rather than the original value h(z,t)). We present numerical
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results for S(xg, o + ) that show that its spatial behavior in the SS regime is nei-
ther power-law, nor exponential, while in the FIC regime, it becomes very similar
to the spatial persistence probability, Pprc(xo, zo + ).

The chapter is organized as follows. In Sec. [6.2] we define the models studied
in this work, review existing analytical results about their spatial persistence prop-
erties, and present new analytical expressions for the spatial persistence exponents
for EW interfaces with colored noise in arbitrary spatial dimension. In Sec. [6.3], we
describe the numerical methods used in our study and discuss how the spatial per-
sistence and survival probabilities are measured in our numerical simulations. The
results obtained in our (141)—dimensional numerical investigations are described in
detail and discussed in Sec. [6.4] for both discrete stochastic solid-on-solid models
(Sec.[6.4]A) and the spatially discretized EW equation with colored noise (Sec.[6.4B).

Sec. contains a summary of the main results and a few concluding remarks.

6.2 Stochastic equations for fluctuating interfaces

We have performed a detailed numerical study of the spatial persistence of (141)-
dimensional fluctuating interfaces where the dynamics is described by the well known

EW equation

Oh(z, 1)

ek V2h(z,t) +n(z,t), (6.1)

or alternatively by the KPZ equation

Oh(z,t)
ot

= V2h(z,t) + (Vh(z,1))? +n(x,t), (6.2)
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where V and V? refer to spatial derivatives with respect to z, and n(x,t) with
(n(z,t)n(x',t)) o d(x — 2')5(t — t') is the usual uncorrelated random Gaussian
noise. The dynamical exponent for Eq. is z = 2, and since d = 1 in our
study, the variable n defined in Sec. is equal to 1. So, we expect both fgg
and ;o for this system to be equal to 1/2 [45]. Although the KPZ equation is
nonlinear, characterized by z = 3/2, it is well-known that in the long time limit,
the probability distribution of the stochastic height variable h(x,t) in this equation
is the same as that in the EW equation (i.e. P(h) ~exp[ — [dz(Vh)?]) in (1+1)
dimensions. The static roughness exponent, «, is the same (o« = 1/2) for both
cases. The 14+1-dimensional KPZ model differs from the EW model in the transient
scaling regime where the interfacial roughness grows as a power-law in time, but
this temporal regime is not involved in the calculation of the spatial persistence
probabilities, as explained in Sec. [6.1] As a consequence, the steady-state spatial
properties of (1+1)-dimensional interfaces governed by Eq. can be mapped, as
for Eq. , into a stochastic process with n = 1. So, the expected values of g
and Oprc for the (14-1)-dimensional KPZ universality class are also equal to 1/2.
Thus, studies of (1+1)-dimensional KPZ and EW interfaces do not bring out the
interesting possibility of different values for the spatial persistence exponents fgg
and Orsc.

To examine the theoretical prediction [45] of a possible difference between the
values of Osg and 0r ¢, we consider the case when the interface dynamics is governed

by a EW-type equation with long-range spatial correlations in the noise. Specifically,
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we consider Eq. (6.1)) with Gaussian colored noise [77] with variance given by

(e, 1) ne(a’,1)) = gpla — 2")3(t — 1), (6.3)

where 0 < p < 1/2 is a parameter that characterizes the spatial correlation of the

noise, and

, lo —2/|>71 it | — 2| #0
gp(z —2') = (6.4)
9,(0) if z=2a

We have chosen g¢,(0) as in Ref. [77] (i.e. g,(0) = 1/p(1/2)%). As discussed be-
low, the SS and FIC spatial persistence exponents for (141)-dimensional interfaces
described by the EW equation with this kind of colored noise are expected to be
different from one another. This system, thus, provides an opportunity to examine
in detail the role of the choice of the initial points in determining the form of the
decay of the spatial persistence probability.

By applying the isomorphic mapping recipe of Ref. [45] to the (d+1)-dimensional
version of Eq. with colored noise 7. whose statistics is defined by Egs.
and (6.4)), we obtain the result n = (z — d + 1)/2 + p with z = 2, implying the
following analytical expressions for the spatial persistence exponents:

d
Oss = 5P (6.5)

and

3—d
Oric =10 (T + P> : (6.6)

Thus, the value of fgg is completely determined by the noise correlation parameter
p. However, based on the range of values for p, we can only infer that 6p; varies
(presumably in a continuous manner) between #(25%) and 6(45%) as the parameter
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p is increased from 0 to 1/2. For d = 1, this implies a change from the value
0(1) = 1/2 to 6(3/2), expected to lie between 1/2 and 6(2) = 1/4, as p changes
from 0 to 1/2. Since the value of fgg for d = 1 goes to 0 as p approaches the
value 1/2, it is clear that the values of the two spatial persistence exponents must
be different for a general value of p in the range [0,1/2). This difference would be
small for p near zero (the two persistence exponents have the same value for p = 0),
and maximum for p near 1/2. Therefore, the model with p substantially different
from zero provides a numerically tractable situation where the interesting theoretical
prediction of the existence of two different nontrivial spatial persistence exponents
can be tested. We also mention that the usual dynamical scaling exponents take the
following p-dependent values in the model with colored noise: o = (2 — d + 2p)/2,
B =(2—d+2p)/4. Thus, the general result [45], 0ss = 1 — «, is satisfied for all d
and p.

We have investigated these aspects in a detailed numerical study of models
that belong in the universality classes of the Langevin equations of Egs. and
. For Eq. with uncorrelated white noise, we have used a discrete stochastic
solid-on-solid model (the Family model [3]) which is rigorously known to belong to
the same dynamical universality class. For Eq. with uncorrelated white noise,
we have also used a discrete solid-on-solid model (the Kim-Kosterlitz model [§]).
Finally, for the EW equation with colored noise, the numerical results were obtained
from a direct numerical integration of the spatially discretized stochastic differential

equation.
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6.3 Numerical methods

Simulations of the atomistic Family and Kim-Kosterlitz models are carried out using
the standard Monte Carlo method for implementing the stochastic deposition rules
of each model. Numerical integration of the EW equation with colored noise is
performed using the simple Euler method [29] [7§]. We solve the (1+1)-dimensional
Eq. with spatially long-range correlated noise for the real variable h(z;,t,),
where ¢, = nAt (n =0,1,...) and z; = jAz (j = 0,1,...,L — 1), with periodic
boundary conditions. Here, At and Ax are the spatial and temporal grid spacings,
respectively. Using the forward-time centered-space representation [78], Eq.

becomes:

h([L’j+1, tn> — 2h<CL’j, tn) + h(l’j_l, tn)
(Az)?

h(l’j,tn+1)—h(l’j,tn) = At + VAL nc(xj7tn)_
(6.7)
We have chosen Az = 1 and At small enough (i.e. At = 0.01) in order to satisfy

the stability criterion 2At/(Az)? < 1. The spatial correlation of the noise is given

by
(Me(5, tn) Ne(Tr,tm)) = gp(Tj — T1)Onm (6.8)
with )
lz; — x|t if 1<|z—a <L
9ol — an) = (L — |zj — ag])?7" if |aj —ap] > & (6.9)
9,(0) if z;—x,=0

\

where ¢,(0) = 1/p(1/2)? . The colored noise is generated using the recipe from Ref.

[77]. The Fast Fourier Transform operation that is used in the noise-generation
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procedure constrains the system size to be an integral power of 2. Due to the use
of periodic boundary conditions (which are also imposed on the noise correlation
function, see Eq. ), the range of x over which spatial correlations and persistence
properties are meaningfully measured is of the order of L/2.

The SS spatial persistence probability Pss(xo, zo 4+ x) is measured at a fixed
time ¢y (which is much larger than the time ¢y, ~ L* required for the interface
roughness to saturate) as the probability that the interface height variable does not
cross its value, h(xg,%p), at the initial point xo as one moves along the interface
from the point xg to the point xo+ x. This probability is averaged over all the sites
in a steady-state configuration and also over many independent realizations of the
stochastic evolution. Thus,

Pss(xg, kg + x) = Prob { sign [h(z¢ + z') — h(zg)] = constant,

VOo<a' <z, Vuz€Sss }, (6.10)
where sign [y] represents the sign of the fluctuating quantity y, and Sgg is the ensem-
ble containing all the lattice sites in a steady-state configuration. The FIC spatial
persistence probability Prc (g, o+ ) is obtained in a similar manner, except that
the average is performed over a particular subensemble of the steady-state config-
uration sites, Sp;c C Sgg, characterized by finite values of the height variable and
its spatial derivatives:

Pric(xg, zg + ) = Prob { sign [h(zq + 2') — h(z0)] = constant,

VOo<az' <x,Vux€Sric}. (6.11)
Since the persistence probabilities are averaged over the choice of the initial point g,
we omit writing xq explicitly in the arguments of Pgg and Prjc from now on, while
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stressing the important fact that the ensemble of initial sites used in the averaging
process determines which one of the two persistence probabilities is obtained. We
consider two different methods for measuring Ppre(x), depending on the type of the
model (atomistic solid-on-solid model or spatially discretized Langevin equation)
being studied. In the former case where the height variables are integers, the FIC
spatial persistence probability measurement involves a sampling procedure from the
subset of sites characterized by a fixed integer value of the height (measured from the
average, (h), of the heights of all the sites at time t,) which is substantially smaller
than the typical value of the height fluctuations measured by the saturation width of
the interface profile. In calculations using the direct numerical integration technique,
the height variable can take any real value. Thus, the probability of finding a fixed
value of the stochastic height variable is infinitesimally small. For this reason, fixing
a reference level H and sampling over the sites with h(zg,ty) = (h) + H is useless.
We, therefore, consider in this case a continuous interval of height values (symmetric
with respect to the average height (h)) with width w which is considerably smaller
than the amplitude of the height fluctuations. The positions characterized by a
height variable within this interval represent the subensemble of lattice positions
involved in the sampling procedure necessary for measuring Pprc(z).

The spatial survival probabilities corresponding to the SS and FIC conditions

are calculated similarly to the corresponding persistence probabilities, except that
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the stochastic variable under consideration becomes h(xg + x') — (h). Thus,

Sss(xg, o + ) = Prob { sign [h(zg + z') — (h)] = constant ,
\V/OSI‘/SI,V$06855}, (6.12)

and
Sric(xg, xo + x) = Prob { sign [h(zg + ') — (k)] = constant ,

VOSl‘,SZE,VZEoESF[c}. (613)

6.4 Results and discussions

6.4.1 Solid-on-solid models

In the solid-on-solid Family and Kim—Kosterlitz models, the interface configuration
is characterized by a set of integer height variables {h;};—1  corresponding to the
lattice sites ¢ = 1,..., L, with periodic boundary conditions. Since all the measure-
ments of the spatial persistence and survival probabilities are done in the steady-
state regime (i.e. in the regime where the interfacial roughness has reached a time-
independent saturation value), we used relatively small systems with L ~ 200 — 3000
in order to be able to achieve the steady state within reasonable simulation times.
The resulting steady-state interfacial profile, corresponding to a final time tq >> L?,
is used to compute the spatial persistence and survival probabilities. The calcula-
tion of Pgg(z) is relatively simple: it involves measuring the fraction of initial lattice
positions (all possible choices of the initial point are allowed) for which the interface
height has not returned to the height of the initial point (for persistence probabil-

ity) or to the average height level (h) (for survival probability) over a distance z,
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Figure 6.1: The steady state spatial persistence probability, Pss(z), for (1+1)-
dimensional EW interfaces with white noise, obtained using the discrete Family
model. Panel (a): Double-log plots of Pgg(x) vs z for a fixed sampling distance
dz = 1, using three different values of L, as indicated in the legend. Panel (b):
Double-log plots of Psg(x) vs z/dx for a fixed system size, L = 1000, and three

different values of dx, as indicated in the legend.

averaged over many independent realizations (~ 10% — 10%) of the steady state con-
figuration. Measurements of Pr;o(x) or Spre(x) involve, in addition to these steps,
a preliminary selection of a subensemble of lattice sites which are characterized by a
fixed and small value H of the height measured relative to the spatial average. Only
the sites that belong to this subensemble (i.e. only the sites with h; = H + (h)) are
used as initial points in the FIC measurements.

Two distinct length scales have to be taken into consideration in the interpre-
tation of the numerical results for the spatial persistence probability: the size L of

the sample used in the simulation, and the sampling distance dx which denotes the
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spacing between two successive points where the height variables are measured in
the calculation of the persistence probability. The minimum value of dz is obviously
one lattice spacing, but one can use a larger integral value of dzx in the calculation of
persistence and survival probabilities. For example, a calculation of the persistence
probability with dz = m would correspond to checking the heights of only the sites
with index ig + jm, where i( is the index of the initial site and 7 = 1,2,.... While
the importance of L in the measurement of P(x) is obvious (it sets the maximum
distance for which P(z) can be meaningfully measured), the effect of dx is rather
intricate and has to be carefully investigated. In Fig.|6.1[a) we start to analyze these
effects by looking at Pgg(x) for EW-type interfaces. We note that when Pgg(x) is
measured in systems with different sizes, using the smallest possible value for dz
(i.e. dx = 1), the exponent associated with the power-law decay of the persistence
probability does not change, but there is an abrupt downward departure from a
power-law behavior near z = L/2. It is not difficult to understand this behavior
qualitatively: as discussed earlier, measurements of spatial correlations and persis-
tence probabilities in a finite system of size L with periodic boundary conditions are
meaningful only for distances smaller than L/2. In Fig. [6.1{b), we have shown the
results for Pgg(x) when L remains fixed and dx is varied. Since the the persistence
probability is, by definition, equal to unity for z = dz (see Eq. ), we have
plotted Psg as a function of x/dz in this figure to ensure that the plots for different
values of dx coincide for small values of the x-coordinate. The plots for different
dz are found to splay away from each other at large values of x/dx, with the plots

for larger dx exhibiting more pronounced downward bending. Again, the reason for
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this behavior is qualitatively clear: since a double-log plot of Psg(x) vs = begins
to deviate substantially from linearity as = approaches L/2 [see Fig. [6.1{a)], the
downward bending of the plots in Fig. [6.1{(b) (which are all for a fixed value of L)
occurs at a smaller value of x/dz for larger dx. A more detailed scaling analysis of
the dependence of the persistence probabilities on z and dz is described below.

In Fig. [6.2] we show the results for spatial persistence and survival probabilities
for the discrete Family model. It is obvious from the plots that the spatial persistence
probabilities Pgs(z) (panel (a)) and Ppre(x) (panel (c)) exhibit power-law decays
over an extended range of x values. The abrupt decay to zero near x = L/2 is
due, as discussed above, to finite size effects. The spatial persistence exponents are
extracted from the power-law fits shown in the log-log plots as dashed straight lines.
We find that 0sg ~ 0.51, in good agreement with the expected value 1/2. However,
it is clear that the steady state survival probability Sss(x), shown in Fig. [6.2{(a),
does not exhibit a power-law behavior. This is similar to the qualitative behavior
of the temporal survival probability in the steady state of the Family model [43].

We now return to the dependence of the persistence probabilities on the sample
size L and the sampling distance dz. Since L and dx are the only two length
scales in the problem (the lattice parameter serves as the unit of length), it is
reasonable to expect [43] that the persistence probabilities would be functions of
the (dimensionless) scaling variables z/L and dx/L. If this is true, then plots of P
vs. x/L for different sample sizes should show a scaling collapse if the ratio dz/L
is kept constant. A similar scaling behavior of the temporal survival probability as
functions of L and the sampling time ¢ (in that case, the scaling variables are t/L?
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Figure 6.2: Psg(x), Pric(x), and Sgs(x), obtained from simulations of the Family

model in (141) dimensions. In panels (a) and (b) we show the data for Psg(x) and

Sss(z), while in panels (¢) and (d) we display the data for Prio(z). (a): Psg(x)

and Sgg(z) for L = 1000, éx = 1. The dashed line represents the best fit of the

Pss(x) data to a power—law form. (b): Finite-size scaling of Pss(x, L,dz). Three

probability curves are obtained for three different sample sizes with the same value

for the ratio dz/L = 1/200. (c): Scaling of Ppjc(x, L,0x, H) for the same values

of L and dx as in panel (b). Pgjc is calculated by sampling over lattice sites with

H = 0. (d): Scaling of Ppic(x, L,dz, H) for three different sample sizes with the

same value for the ratio dx/L, sampling over two subsets of lattice sites with the

same value of H/L* (a = 0.5): 1/4/200 (upper plot) and 4/4/200 (lower plot).
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Figure 6.3: The spatial persistence probabilities, Pss(z) and Prre(x), for the (1+1)-
dimensional Kim-Kosterlitz model which is in the KPZ universality class. As in
Fig.[6.2] in panels (a) and (b) we show the data for Psg(z). Panels (c) and (d) display
the data for Ppro(x). (a): Pss(z) for L = 1000, 0z = 1. (b): Finite-size scaling of
Pss(x, L, dz). Three probability curves are obtained for three different sample sizes
with the same value for the ratio dx/L = 1/500. (c): Scaling of Prjc(x, L, dx, H),
obtained by sampling over the lattice sites with H = 0, for three different values
(same as those in panel (b)) of L and dx. (d): Scaling of Pgrrc(x, L, éx, H) for three
different sample sizes with the same value for the ratio dx/L, sampling over two
subsets of lattice sites with the same value of H/L* (o = 0.5): 1/+/300 (upper plot)

and 3/v/300 (lower plot).
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and 0t/L?) was found in Ref. [43]. As indicated in panels(b-d) of Fig.|6.2, we have
used various values for the sampling distance dz in the measurement of Psg(z) and
Pric(z). We observe that when the sampling distance is increased in proportion
to the system size (so that dz/L is held fixed), all the Psg(z) curves collapse when
plotted vs. z/L (see panel (b)). This confirms that the scaling form of the steady

state persistence probability is:
Pss(z, L,o0x) = fi(z/L, éx/L), (6.14)

where the function fi(x1,x2) shows a power-law decay with exponent 055 as a func-
tion of x; for small values of x; and o < 1.

Let us turn our attention to Prrc(x). In the data shown in panel (c) of Fig.[6.2]
we have chosen the subensemble Spjc of sampling positions to contain only the
lattice sites whose height h; is equal to the average value (h) (i.e. H = 0). Obviously,
in this case the definitions for persistence and survival probabilities become identical,
since the probability that the height variable does not return to the original value
(i.e. h; = (h)) is precisely the probability that the height variable does not reach
the average level (h). We find that 0r;c ~ 0.48 using a system with L = 1000
and 0x = 1 and considering the subensemble of sites with H = 0. We note that
a remarkable collapse of Pric(x) vs. x/L curves for different values of L is again
obtained when dx is adjusted to be proportional to the system size L, as shown in
panel (c). More interestingly, we observe that fixing the level H to a nonzero value
introduces a “height” scale in the problem that is related to the steady-state value of

the interface width. Since this width is proportional to L%, where « is the roughness
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exponent, we expect the dependence of Prjc on H for nonzero values of H to be
described by the scaling variable H/L*. We observe that if the level H is chosen to
be proportional to L%, then the calculated values of Prjo for different sample sizes,
obtained using values of dz such that the ratio dx/L is also held constant, exhibit
a perfect scaling collapse, as shown in panel (d) of Fig. ﬂ This observation leads
us to the conclusion that the scaling form of the FIC persistence probability with

nonzero values of the level H is:
Prro(z, L, 6x,H) = fo(x/L, dx/L, H/L*), (6.15)

where fo(z1, 29, x3) exhibits a power-law behavior with exponent ;¢ as a function
of x; for small z; if 29 < 1 and x5 — 0. As the value of x3 is increased, the range
of x; values over which the power-law behavior is obtained decreases and a more
rapid decay of the probability is noticed.

The predictions concerning the scaling behavior of the spatial persistence prob-
abilities are confirmed by the results for the atomistic Kim—Kosterlitz model. The
same discussion for Fig. [6.2] applies to Fig. [6.3] where we have shown the results
for the Kim-Kosterlitz model. We find that fgs ~ 0.52 [see Fig. [6.3|(a)], in good
agreement with the expected value of 1/2; and also that 0p;c ~ 0.47, using a rather
small simulation with L = 300 and éz = 1 and sampling over the subensemble
of sites with height at the average level [see Fig. [6.3(c)]. As shown in Fig. [6.3|(b),
the SS persistence probability obeys the scaling form of Eq. . In Fig. 6.3(d),
we display the results for the measured Pr;c for systems with different sizes and

sampling distances such that dx/L remains constant and considering two different
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subsets of sampling sites, each subset being characterized by a fixed value of H/L*.
These results are in perfect agreement with the scaling form of Eq. .
Equations and provide a complete scaling description of the SS
and FIC persistence probabilities for (1+1)-dimensional fluctuating interfaces be-
longing to two different universality classes (i.e. EW and KPZ), modeled using
discrete solid-on-solid models. The associated spatial persistence exponents 0gg and
Or1c are in good agreement with the theoretical values [45]. However, these stud-
ies do not illustrate the interesting possibility of a dependence of the persistence
exponent on the sampling procedure used in the selection of the initial sites used
in the calculation of the persistence probability: the two persistence exponents fsg
and ;¢ have the same value for (141)-dimensional EW and KPZ interfaces. We
present and discuss below the results for a model where these two exponents have

different values.

6.4.2 Edwards—Wilkinson equation with colored noise

In order to measure the spatial persistence and survival probabilities in this system,
we have applied the steps described above on systems of sizes ~ 28 — 20 using
100-400 independent realizations for averages. While the calculation of Psg(z) and
Sss(x) involves the same method as the one used in the case of the solid-on-solid
models, for measuring Pr;c(z) and Sgro(z) we have selected the subensemble of
lattice sites whose heights h(z;, o) at time ¢, > L* satisfy the condition (h) —w/2 <

h(zj,to) < (h) +w/2, where (h) is the spatial average of the height at time 5. The
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Figure 6.4: Spatial persistence and survival probabilities for the EW equation with
spatially correlated noise. Panel a): Pgg(z) and Sgg(x) using a fixed system size
L = 2%, two values of the noise correlation parameter (p = 0.1 and 0.2) and sampling
distance dz = 1. Panel b): Ppic(x) and Spro(x) (inset), using the same parameters
as in panel a), and sampling initial sites from a band of width w = 0.10 centered
at the average height. The straight lines drawn through the data points in these

double-log plots represent power-law fits.

width w of the sampling window has to be chosen to be much smaller than the
amplitude of the interface fluctuations, but large enough to include a relatively large
fraction of the total number of sites in order to ensure adequate statistics. Under
these circumstances we have computed the fraction of these selected sites which do
not reach the “original” height h(x;, ) (in the case of persistence probability) or
the average height level (h) (in the case of survival probability) up to a distance
x from the point x;. The numerical results for these probabilities, along with a

finite-size scaling analysis of their behavior, are shown in Figs. [6.4] and
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We find that both SS and FIC spatial persistence probabilities for (1+1)-
dimensional interfaces described by the EW equation with colored noise exhibit
the expected power-law behavior as a function of z, as shown in Fig. |6.4] while
the SS survival probability shows a more complex z-dependence [see Fig. [6.4(a)].
Further work is needed in order to understand the behavior of Sgg(x). When a
relatively small system with size L = 27 is used, the numerical results for the
spatial persistence exponents extracted from the power-law fits shown in Fig.
(for p = 0.1, we obtain fgg ~ 0.43 and Op;c ~ 0.38, while for p = 0.2, the exponent
values are found to be 0sg ~ 0.37 and 0r;c ~ 0.31) appear to be affected by
finite-size effects. Specifically, the values of fgg extracted from fits to the numerical
data are systematically larger than the theoretically expected values, #gs = 0.4 for
p = 0.1 and 0.3 for p = 0.2 (see Eq. (6.5))). Similar deviations from the analytical
results are also found for the usual dynamical scaling exponents o and 3. We
have checked that simulations of larger samples bring the measured values of the
exponents closer to the expected values, but the convergence is rather slow. These
finite-size effects become more pronounced as the noise correlation parameter p is
increased. In Fig. [6.4] we show the results for p = 0.1 and p = 0.2, but we have
verified from simulations with larger values of p that the difference between the
expected and measured values of fgg increases as p is increased. This is expected
because the spatial correlation of the noise falls off more slowly with distance as p
is increased, thereby making finite-size effects more pronounced. Another possible
source of the discrepancy between the numerical and exact results for the exponent

Oss is the spatial discretization used in the numerical work. The effects of using a
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finite discretization scale Ax on the observed scaling behavior of continuum growth
equations in the steady state have been studied in Ref. [T9] where it was found that
the effective value of the roughness exponent o obtained from calculations of the
local width using a finite Az is smaller than its actual value. Since g = 1 — «, the
values of 655 obtained from our calculations with Az = 1 are expected to be larger
than their exact values. Our results are consistent with this expectation. As shown
in the inset of Fig. [6.4(b), the FIC survival probability Sg;c(z) behaves similarly to
Pric(x) for both p = 0.1 and 0.2, exhibiting a power-law decay with an exponent
(of 0.38 and 0.33 for p = 0.1 and 0.2, respectively) that is very close to 0r;c. This is
consistent with the expectation that the FIC persistence and survival probabilities
should become identical as the width parameter w used in the selection of initial sites
approaches zero (in this limit, both persistence and survival probabilities measure
the probability of not crossing the average height). Finally, we point out that both
SS and FIC exponents obtained from the numerical study exhibit the correct trend,
increasing in magnitude as p decreases. Also, the measured FIC spatial persistence
exponents satisfy the constraint 1/4 < 0p;c < 1/2. Our numerical results also
confirm the interesting theoretical prediction that the SS and FIC spatial persistence
exponents are different for the EW equation with spatially correlated noise.

We have found that the scaling forms of Eqs. and also provide a
correct description of the numerically obtained persistence and survival probabilities
for the EW equation with spatially correlated noise. This is illustrated in Fig. |6.5]
In Fig.[6.5(a), we show that the results for Psg(z, L, §z) obtained for different values
of L and dz fall on the same scaling curve when plotted against /L if the ratio
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Figure 6.5: Finite-size scaling of the persistence probabilities, Pss(x) and Prro(z),
and the FIC survival probability Sp;c(x) for the EW equation with spatially corre-
lated noise. The noise correlation parameter is p = 0.2 and the sampling interval dx
takes three different values. Panel a): The SS persistence probability Psgs(x, L, dz)
for three different sample sizes with a constant ratio dx/L = 1/2%. Panel b): The
FIC persistence probability Pro(x, L, 0x, w) with fixed values of the quantities dx/L
(=1/28) and w/L* (= 0.1/25%), where o = 0.7. Inset: Same as in the main figure,

but for the FIC survival probability.
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dz /L is held fixed. This is precisely the behavior predicted by Eq. . As shown
in Fig. [6.5(b), the data for Ppo(z, L,0x,w) also exhibit good finite-size scaling
collapse if dx is varied in proportion to L and the width w of the sampling band is
increased in proportion to L*. This is in perfect analogy with the scaling behavior
of the FIC persistence probability for the discrete stochastic models discussed in
Sec. , with the variable w playing the role of H in Eq. . This suggests
that the scaling behavior of the FIC persistence probability in the continuum EW

equation is of the form
Prro(z, L, 0x,w) = f3(x/L, dz/L, w/L%), (6.16)

where the function f; has the same characteristics as fy in Eq. . A similar
scaling description also applies to Sgrc(z), as shown in the inset of Fig. [6.5(b).
This scaling description should be useful in the analysis of experimental data on
equilibrium step fluctuations [38, B9] because the images obtained in experiments
provide the values of a real “height” variable (position of a step-edge) at discrete

intervals of a finite sampling distance dx.

6.5 Summary and concluding remarks

In this chapter, we have analyzed the spatial first-passage statistics of fluctuat-
ing interfaces using the concepts of spatial persistence and survival probabilities.
Specifically, we have presented the results of detailed numerical measurements of
the SS and FIC spatial persistence probabilities for several models of interface fluc-
tuations. Results for the spatial survival probabilities are also reported. These
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results confirm that the concepts of persistence and survival are useful in analyzing
the spatial structure of fluctuating interfaces. The exponents associated with the
power-law decay of the spatial persistence probabilities as a function of distance
x are valuable indicators of the universality class of the stochastic processes that
describe the dynamics of surface fluctuations. Our results for these exponents for
(1+1)-dimensional interfaces in the EW and KPZ universality classes are in good
agreement with the corresponding analytic predictions. We have also obtained an-
alytic results for the spatial persistence exponents in the (1+1)-dimensional EW
equation with spatially correlated noise, and reported the results of a numerical
calculation of the persistence and survival probabilities in this system. While the
numerical results show strong finite-size effects, the qualitative trends predicted by
the analytic treatment are confirmed in the numerical work. In particular, the nu-
merical results show evidence for an interesting theoretically predicted difference
between the persistence exponents obtained for two different ways of sampling the
initial points used in the measurement of the spatial persistence probability. We
also find that the steady-state survival probability has a complex spatial behavior
that requires further investigations. In the past, there has been some confusion in
the literature about the distinction between the persistence and survival probabil-
ities [43]. Our study shows that these two quantities are very different in the SS
situation, whereas the distinction between them essentially disappears in the FIC
situation.

The numerical results reported here are for models that exhibit “normal” scal-
ing behavior with the same local and global scaling properties of interface fluc-
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tuations. There are other models of interface growth and fluctuations that ex-
hibit “anomalous” scaling [7], for which the global and local scaling properties
are different. In such models, the “global” roughness exponent oy, that describes
the dependence of the interface width in the steady state on the sample size L
(Wi(ty, L) o< L% for ty > L?) is different from the “local” exponent «; that
describes the x-dependence of the height-difference correlation function g(x) =
([h(x + m0,t0) — h(20,t0)]?)"/? in the steady state (¢, > L?) for small x (g(z) oc z™
for # <« L). The exponent ¢, is greater than unity (the steady-state interface is
“super-rough”) in such cases, whereas the local exponent «; is always less than or
equal to unity. It is interesting to enquire about the behavior of the spatial persis-
tence probabilities in such models. The numerical results reported in the preceding
sections show that the steady-state persistence probability Pss(z) exhibits a power-
law decay in x only for values of x that are much smaller than the sample size L.
Since the roughness of the steady-state interface of super-rough models at length
scales much smaller than L is described by the local exponent «;, we expect the
steady-state spatial persistence probability in such models to exhibit a power-law
decay with exponent fsg = 1 — oy for + < L. For example, the one-dimensional
Mullins-Herring model [11] is super-rough with o, = 3/2 and a; = 1. For this model,
the above argument suggests that the steady-state spatial persistence exponent 6gg
is equal to 0, which agrees with the exact result reported in Ref. [45].

An important feature of our investigation is the development of a scaling de-
scription of the effects of a finite system size and a finite sampling distance on the

measured persistence probabilities. We have also shown that the dependence of the
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FIC persistence and survival probabilities on the reference level H (in atomistic
models) or the width w of the band (in continuum models) used in the selection
of the subset of sampling sites is described by a scaling form. These scaling de-
scriptions would be useful in the analysis of experimental and numerical data on

fluctuations in spatially extended stochastic systems.
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7. MAPPING SPATIAL PERSISTENT LARGE
DEVIATIONS OF NONEQUILIBRIUM SURFACE
GROWTH PROCESSES ONTO THE TEMPORAL

PERSISTENT LARGE DEVIATIONS OF STOCHASTIC

RANDOM WALK PROBLEM

Non-Markovian Gaussian stochastic processes are very widely encountered in a large
variety of nonequilibrium physical problems [80]. As we have mentioned before,
considerable theoretical [81] and experimental efforts have recently been devoted to
understanding the first-passage statistics in such nonequilibrium systems. In this
chapter, we consider the interfaces described by linear Langevin equations of the
type

Oh(x,t) [0t = —(=V?)*?h(z, 1) + £(z, ), (7.1)
where h(z,t) is the step height fluctuation corresponding to the lateral step po-
sition x, at time ¢, {(z,t) is a white uncorrelated Gaussian noise, and z is the

dynamical exponent. We have seen in Chapter 3 that, in addition to the usual
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persistence probability, more general information can be extracted from the natu-
ral generalization of the persistence through the probability of temporal persistent
large deviations [32], P;(t,s), where —1 < s < 1. We have also seen in Chapter
6 that the dynamics of the spatially extended systems with fluctuations governed
by stochastic differential equations can be further elucidated by looking at the spa-
tial persistence probability [45, 82], P,(z), and its associated exponents. The aim
of this chapter is to establish numerically the concept of spatial persistent large
deviations probability, P,(x,s) with —1 < s < 1, as a natural generalization of
the spatial persistence probability concept. We also show that P,(z,s) measured
for growth processes in the well-studied Edwards-Wilkinson [12] universality class
[described by Eq. with z = 2] can be mapped isomorphically onto P;(t,s) of
the simple random walk stochastic problem [83]. This mapping possibility is in-
spired by the work of Majumdar and Bray [45], who have shown in a recent Letter
that the spatial persistence probability characteristics of growth processes involv-
ing the interfacial height stochastic variable h(z,t) with the dynamics described by
Eq. can be mapped onto the temporal persistence characteristics of the “ran-
dom walk” processes of the type d"z/dt"™ = n(t), where n = (z —d+1)/2 and n(t) is
a white noise as well. The purpose of the current chapter is to show that this exact
mapping, as expected, works for the generalized (large deviations) persistence prob-
ability and the corresponding continuous family of persistence exponents as well,
and to numerically calculate 6,(s) for the important class of processes controlled by

the Edwards-Wilkinson equation.
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7.1 Spatial persistent large deviations

We consider the average sign of the interfacial height stochastic variable measured at
a fixed time ¢ with respect to the original value corresponding to the initial position
Zo,

Sav(z) = i/ox sgnlh(zo + ', t) — h(xg, t)] da’. (7.2)

The spatial persistent large deviations probability is defined, in analogy with its
temporal correspondent, as the probability that the average sign Say remains per-
sistently above a particular value s, with —1 < s < 1, up to a longer distance z

measured from the initial position z,
P.(x,s) = Prob { Say(z') > s, V2!’ <z }. (7.3)

We provide numerical evidence showing that P,(x,s) has a power law behavior for
x < L, where L is the typical length scale in the numerical simulations (i.e. system

size), independent of the choice of the average sign parameter s,
Py(z,s) oc %), (7.4)

where the spatial persistent large deviations exponent 0, (s) depends continuously on
the parameter s that appears in the definition of the probability. The importance of
P,(x, s) lies in the fact that it provides an in finite family of persistence exponents,
instead of only one exponent as in the case of P,(x). Obviously, P,(x,s = 1) and
its associated exponent 6,(s = 1) are precisely the spatial persistence probability

and the nontrivial persistence exponent (fgs or Oprc, depending on the sampling
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procedure applied to zg), respectively. The opposite limit s — —1 is trivial in the
sense that P,(z,s = —1) = 1 independent of z and as a consequence 0,(s = —1) = 0.

The s dependence of the temporal persistent large deviations exponents is
known exactly for the simple random walk case, which is one of the few analytically

solved persistence problems [84],

26,(1 1
0:(s) = (1) arctan i i
7T j—

(7.5)

The mapping [45] between the temporal properties of the random walker (RW)
problem and the spatial properties of the Edwards-Wilkinson (EW) fluctuating
interfaces implies that the expression of Eq. also applies to the distribution of
the spatial persistent large deviations exponent as a function of s. This conjecture

is verified numerically in this study.

7.2 Numerical results

We have carried out the first application of the spatial persistent large deviations
concept to the case of (1+1)-dimensional fluctuating interfaces characterized by the
EW dynamical equation. Using the configuration of the interface corresponding to
a fixed time of the order of the time required by the interface width to saturate
(i.e., t ~ L?), we have computed P,(z,s) as the fraction of lattice sites z; (with
j =1,2,..., L—1) which maintained their stochastic variable Say persistently above a
fixed s value, up to a distance x;+x. The initial measurement points, x;, are sampled
from the entire set of the steady-state interfacial profile. The numerical integration
of the stochastic equation is performed using the simple forward-time centered-space
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representation [78]. We have used numerical systems of size L ~ 1000, and we have
averaged the results over many (~ 1000) independent runs to obtain convergent
statistics.

In Fig. [7.1] we show the results for P,(z,s) as a function of = for (1+1)-
dimensional EW interfaces simulated numerically. We display ten log-log spatial
persistent large deviations curves versus the distance x for ten values of the average
sign parameter s (i.e., s = +1, +0.8, ..., —0.8). We observe that P,(z, s) ~ 27 %()
for x < L /2, while for larger values of x and s > 0 there is a downward deviation of
the probability from the power law behavior due to finite-size limitations. Except for
the curve corresponding to s = 1, which gives the usual spatial persistence exponent
0ss ~ 0.50, in agreement with Refs. [45, 82], all the other curves with s < 1 provide
new information concerning spatial behavior of the interface fluctuations.

The temporal persistent large deviations probability of the random walk model
is shown in Fig.[7.2 We have used similar s values, as in the case of P,(z, s) described
above. P;(t,s) shows a clear power law behavior versus t. We find that P,(¢,s = 1)
is characterized by an exponent of 0.50, in agreement with the theoretical value 6, =
1/2. Individual temporal persistent large deviations exponents 6;(s) are extracted
from the linear regions of the log-log plots of P;(t, s) versus ¢, and they are compared
in Fig. [7.3|to the corresponding spatial set of exponents 6,(s) for the EW interfaces.

The level of agreement between P,(x,s) corresponding to the EW dynamical
equation and P;(t, s) of the RW case can be seen in Fig. [7.3| To generate this figure
we have used an increment of the average sign parameter (s) of 0.1. We observe that

the two sets of exponents, 6;(s) and 0,(s), overlap very well within the errors of our
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Figure 7.1: Log-log plot of P(x, s) versus x for the EW equation based on the direct

numerical integration of Eq. (7.1 with z = 2, using a system of size L = 1000. The

average sign parameter takes ten different values decreasing from s = 1 (bottom

curve) to s = —0.8 (top curve) with an average sign difference As = 0.2. All

spatial persistent large deviations probabilities show power law decay vs distance

for x < L/2. Finite-size effects are responsible for the deviations of the probabilities

from the power law trend at large values of x.
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Figure 7.2: Log-log plot of simulated P;(t,s) vs t for the RW problem. The system
size is L = 500 and the average sign parameter takes ten different values decreasing
from s = 1 (bottom curve) to s = —0.8 (top curve) with As = 0.2 between successive
probability curves. All temporal persistent large deviations probabilities show power

law behavior vs time.
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Figure 7.3: 6,(s) and 0,(s) vs s as extracted from the power-law decay of P(t,s)
(for the RW problem) and P(x,s) (for the EW fluctuating interfaces), respectively.
The increment of the average sign parameter is As = 0.1. The continuous curve

represents the theoretical prediction of Eq. (7.5)).

simulations, showing that the mapping procedure involved in this study is perfectly
applicable. Both cases are in agreement with the theoretical prediction of Eq. .
We have also simulated a discrete stochastic growth model, the so-called Family
model, which is theoretically known to belong exactly to the EW universality class
[67]. The Family model results (not shown here) for P,(x,s) and 0,(s) are very
similar to those shown in Fig. since they have identical stochastic dynamics.
Despite the downward deviation of the probability P,(z,s) from the power

law behavior due to finite-size limitations, we have checked that larger system sizes
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Figure 7.4: Log-log plot of P.(x,s) for s = 1 corresponding to the EW equation
based on the direct numerical integration of Eq. (7.1) with z = 2, using three
system sizes, as shown in the legend. The straight line represents the fit for L = 10*

simulation, providing an exponent equal to 1/2.

would provide a wider range of distances over which the spatial persistence large
deviations exponent can be extracted with a better precision. This can be seen in
Fig. [7.4

Another case of interest for epitaxial surface dynamics is growth under sur-
face diffusion minimizing the local curvature, which belongs asymptotically to the
Mullins-Herring (MH) [11] universality class [i.e. Eq. with z = 4]. The exact
mapping prediction by Majumdar and Bray [45] suggests that the spatial persis-
tence properties of the continuum version of the growth models belonging to this

universality class could be mapped onto the temporal persistence characteristics

155



of the random acceleration problem described by the stochastic random equation
d®z/dt? = n(t) with an analytically known exponent of §, = 1/4 [75]. One expects
to obtain fgs = 0 and Op;c = 1/4 [45] when measuring the steady-state and fi-
nite initial conditions regimes of P,(z), respectively, for the Mullins-Herring surface
growth dynamics. An example of this case is the (1+1)-dimensional model intro-
duced by Kim and Das Sarma [6]. This discrete solid-on-solid atomistic model, the
so-called larger curvature (LC) model [6] is known to belong asymptotically to the
MH universality class. As a consequence, we focus on the measurement of Pp;o(x)
for the discrete LC model [6], since Psg(x) is trivially described by a null exponent.
The definition of Pr;o(x) involves the selection of the subset of sites characterized
by finite height and height derivatives. One possibility would be to sample over
the subset of sites placed on the average level. However, it turns out that a sys-
tem with L = 200, which is the typical system size in our simulations, usually has
only a couple of discrete positions on the average level. For this reason, we have
sampled over all the lattice sites x; with the height variable (measured with re-
spect to the average level) within a band of values characterized by a width w [i.e.,
—w/2 < h(z;) < w/2], where w is taken to be smaller than the maximum mag-
nitude of interface fluctuations. This selection ensured the possibility of sampling
over a reasonable number of lattice sites presumably sufficient for good statistical
results of Prro(z).

In Fig. we show the z dependence of Prc(x) corresponding to the LC
discrete model for three values of w: 30, 70 and 110, respectively. The steady-state

probability is shown for comparison. We note that Pp;c(z) does not display the
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Figure 7.5: Numerical results of Pro(z) and Psg(x) for the LC discrete model
with system size L = 200. The measurements are performed from steady-state
configurations. Pgjc(x) probabilities have been obtained by using three different
band widths, as shown in the legend. Pg;c(z) does not display a power-law behavior

as a function of x over the entire range of system size.
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expected power-law behavior as a function of x. As the bandwidth w increases,
more and more lattice sites are included in the sampling subset, and Pr;c(z) tends
to reach the behavior displayed by Pgs(x). In addition, we observe that when using
a numerical system with L = 200, Pss(z) has a rather linear dependence on z, for
50 < x < 200. The impossibility to recover the theoretically predicted behavior
of Pprc(x) may be due to the reduced system size used in our simulations. This
limitation is imposed by the requirement of measuring the probability Pr;c(z) us-
ing an ensemble of steady-state configurations that can be achieved only by using
an extensive computational time ~ L* We note that reducing or increasing the
system size by a factor of 2 did not produce any qualitative change in the over-
all behavior of Prro(z) or Pss(z). In addition, we have checked that the direct
numerical integration of Eq. with z = 4 provides results consistent with the
discrete LC model. Also, it turns out that similar probability curves are obtained
for solid-on-solid models belonging asymptotically to the molecular beam epitaxy
universality class (such as the (1+1)-dimensional DT model [4]). We believe that
our problem with the spatial persistence P,(z) for the LC model belonging to the
MH universality class [6] arises most likely from the severe finite-size problems in
simulating systems with large values (z = 4) of the dynamical exponent. The large
dynamical exponent implies very slow lateral correlations, which considerably com-
plicates studying steady-state behavior in the MH universality problem. In fact, this
issue is very well known in traditional studies of dynamical scaling involving surface
phenomena characterized by a large value of the dynamical exponent [52, 85]. A

large variety of stochastic discrete models show long-time transients, and they cross
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over very slowly to their corresponding asymptotic behavior. Only extensive sim-
ulations of stochastic discrete models in the MH universality class can provide the
asymptotic dynamical scaling associated with the continuous limit of the Eq.
with z = 4. This forbids us from pursuing further measurements of P,(z, s) for the
MH universality class and checking the validity of the mapping procedure, which

remains an interesting open problem.

7.3 Conclusions

To conclude, we have shown numerically that the spatial persistent large deviations
probability represents a possible generalization of the spatial persistence probability,
providing a useful family of spatial exponents for the surface growth phenomena. We
have mapped these exponents into the family of temporal persistent large deviations
exponents obtained from the evolution of a simple stochastic “random walk” process.
We have established the validity of this generalization for the case of fluctuating
interfaces described by the Edwards-Wilkinson evolution equation. However, the
similar problem involving the Mullins-Herring universality class remains open since

the corresponding discrete LC model [6] simulation shows severe finite-size problems.
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8. CONCLUSIONS AND OPEN QUESTIONS

As Watson wrote [86] in a recent Science paper, “persistence pays off in defining
history of diffusion”, since one of the most simple problems in physics, the classical
problem of diffusion, has been characterized by a new exponent [23], the persistence
exponent, and this fact has opened a new and exciting field of research. We would
like to add that, as we have seen in this study, persistence and survival “pay oftf” in
characterizing surface growth and fluctuations [41), 43|, 44] 67, 82, R3] as well. Since
fluctuating interfaces are of crucial importance at very small scales (i.e. nanoscales)
[87] involved in the fabrication of current electronic devices, it is of particular im-
portance to look for new methods to analyze and understand surface fluctuations.
In addition to the traditional way of analyzing various aspects of growth processes
based on the dynamical scaling behavior of the interface width and temporal and
spatial correlation functions [I], 47], we have shown that the persistence and survival
probabilities, along with their generalizations, can alternatively be used to attack
this problem. The nontrivial persistence exponents associated with the power—law

decay of the positive/negative persistence probabilities have been shown in Chapter
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2 to have the potential for identifying the underlying universality class of the dy-
namical process [29] and the presence of the nonlinearities [67] associated with the
dynamical evolution.

Recent experimental studies have shown that the concept of persistence can
be applied to analyze the dynamics of fluctuating steps on Al/Si(111), Ag(111) and
Pb(111) surfaces [38, 39} 40, [70] recorded using STM methods. We believe that in
view of the importance of thermal and shot—noise fluctuations in the dynamics of
growing and fluctuating interfaces, theoretical and experimental studies of persis-
tence would play an important role in the analysis of the dynamics of nonequilibrium
surface growth.

Once the persistence probability behavior is found, one can immediately cal-
culate the asymptotic behavior of the first-passage probability [22], F(¢), which
represents the distribution of the time when the stochastic variable under consider-
ation first reaches a fixed reference value: F(t) = —dP(t)/dt. In addition, one can
also obtain the mean first-passage time which provides the representative time scale
characterizing the stability of the dynamical process. Such a time scale might be of
interest for the study of the evolution of fluctuating interfaces or for understanding
the behavior of a collection of stochastic spin variables. Although the problem of
calculating the mean first—passage time looks simple and solvable, we have already
seen in this study that dealing with the persistence aspects of stochastic processes is
not an easy task; therefore, this interesting open question has to be addressed with
caution.

The persistence probability concept can be generalized, as seen in Chapter 3,
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using the persistent large deviations probability, which represents a valuable tool
because it provides a continuous family of exponents. One interesting problem for
the future would be the analytical calculation of the s—dependence of 6, for growth
models or fluctuating interfaces belonging to different universality classes. Some
progress in this direction would make the information provided by P(t, s) extremely
valuable in assigning the universality class of a particular surface growth model or
fluctuating process.

The sampling time effect on the persistence and survival probabilities pre-
sented in this work are of particular importance since any experimental or numeri-
cal technique involves the discretization of the time and/or space scales. Our work
exposed in Chapter 4 about the sampling effects on the survival aspects of step fluc-
tuations has motivated additional studies on the influence of this quantity on other
variables relevant in surface dynamics studies, such as the correlation functions [70].
We have found that the temporal sampling procedure produces an apparent corre-
lation length L.¢¢, governed by the longest wavelength of step fluctuations than can
be sampled in the measurement time interval, which is substantially smaller than
the real spatial limitations of the physical system. In addition, Dougherty and col-
laborators [40] have analyzed systematically the sampling time effect for persistence
and survival in step structural fluctuations. Although P(t) scales simply with ¢/t,
the survival probability scales with either system size or sampling time only when
the ratio 0t/L? is kept constant. Since L (which represents the system size in nu-
merical simulations or the effective length of the step set by the longest wavelength
fluctuation) is proportional with tl? [70], it is clear that the survival probability
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shows scaling with ¢/dt only when the ratio dt/t,, remains constant. Similar scaling
applies to the generalized survival probability, as seen in Chapter 5, except that
the scaling function of S(t, R) also depends on R/L® because choosing different
reference levels imposes a new length scale (i.e., L*) in the problem.

Some of the numerical results reported in Chapter 6 (such as the behavior of
the steady state spatial survival probability and the forms of the scaling functions
that describe the dependence of the spatial persistence probabilities on the param-
eters L, 0x and H or w) should be amenable to analytic treatment, especially for
the EW equation with white noise, whose spatial properties can be mapped [45]
to the temporal properties of the well-known random walk problem. Further work
along these lines would be very interesting. The spatial persistence and survival
probabilities considered here should be measurable in imaging experiments on step
fluctuations [38] 39, 40, [70]. Such experimental investigations would be most wel-
come.

Finally, we show schematically in Table all the statistical quantities mea-
sured in this study related to the first—passage statistics of fluctuating interfaces
and stochastic growth processes and the possible mappings between some of them.
We also indicate the relationship between the steady state (SS) temporal and spa-
tial persistence exponents and the universal exponents provided by the traditional
dynamical scaling analysis. However, as pointed out above, several open questions
are still remaining (and they are indicated by question marks), making this research

field active and interesting.
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Variable Statistical quantity Important relations

hx(t)a: Pt(t7 S) ~ tiet(s) - P(t) ~ tigt 95 =1- ﬁ

s—1

(T/S regimes)

S(t, R) ~ exp|—t/15(R)] —— S(t) ~ exp(—t/Ts)

R—0

hi(x), Py(z,5) ~ 2700 —7 P(x) ~ a7 % Oss =1—q
(FIC/SS regimes)
S(z,R) ?

Sss(xz) 7 (no power—law)

SFIC(Jf) ~ - 9rIC

[0.(5)] ew <= [0:(5)] i

[0:(5)|mm <= [0:(5)| ra

Table 8.1: Summary of the temporal and spatial first—passage probabilities measured

in this study, along with their behavior at large time/space scales. h,(t) denotes a

temporal stochastic variable, while h;(z) denotes a spatial stochastic variable. RW

stands for random walker and RA stands for random acceleration problem. The

existing open questions are marked with “7”.
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A. AUTOCORRELATION FUNCTIONS FOR SURFACE

GROWTH PROCESSES

The temporal autocorrelation function ay(t1,t2) of the stochastic variable h(r,t),
representing in our study the height of an interface growing on a d-dimensional
substrate, measured at a fixed position r and arbitrary times #; and ¢, is defined in

the following way:
Gh<t1,t2) = <h(r,t1)h(r,t2)>, (Al)

where (---) denotes the expectation value over all spatial positions r and all real-
izations of the stochastic process. We first want to show that ay(t1,ts) for linear
Gaussian stochastic equations, such as the ones involved in the description of fluc-

tuating interfaces with up-down (h — —h) symmetry, has the form:
an(ty, t2) = K[(t1 + t2)* — [t — t:*7], (A2)

where K is a constant and 3, as we have seen in Section 1.1, is the universal growth
exponent related to the rate of interface roughness growth in the transient regime.
This result has tremendous importance in understanding the first—passage statistics
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of fluctuating interfaces, and for this reason we start by presenting its derivation.
Let us consider a general linear stochastic evolution equation for (d+1)-dimensional

Gaussian interfaces of the type

Oh(r,t)

5 —(—V2)Z/2h(r, t) +n(r,t), (A.3)

where V? refers to the spatial derivatives and n(r,t) denotes the noise term which
can be characterized by spatial correlations, as we consider below. We mention
that when no specific information is given about the noise we tacitly assume that
the noise is the usual uncorrelated random Gaussian noise [i.e., (n(r,t)n(r’,t)) =
5% (r—r")d(t—t)]. In Eq. above z is the universal dynamical exponent related to
the relaxation mechanism of the stochastic process under consideration. We address
again the case z = 2 or the Edwards—Wilkinson universality (where the fluctuations
of steps are driven by high-temperature attachment-detachment (AD) of the atoms
at the step edge), and also the case z = 4 with a conserved noise characterized by the
correlator (n(r,t)n(r’,t)) = =V26¢(r —r')6(t —t'). The latter situation corresponds
to the low—temperature step-edge diffusion (SED) limited kinetics (i.e., the step
fluctuations are driven by the atoms diffusing along the step edge). We mention
that the absence of the incoming particle flux in Eq. shows that the interfacial
height variable is measured with respect to the spatial average height value (i.e. in
the interfacial comoving reference frame), (h) = 1/V [d%r h(r,t). The stochastic
process h(r,t) in Eq. for a fixed r, as a function of time ¢, is Gaussian albeit
non-Markovian. The non-Markovian property arises due to the Laplacian term that

generates interaction between heights at two different space points.
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The traditional method to obtain the temporal autocorrelation function is to

Fourier transform Eq. (A.3]) above,

Oh(k, t)
ot

= —a(k) h(k,t) +n(k,t), (A.4)

where a(k) = |k|?. The Fourier transform of the noise term for the two cases con-
sidered above is described in a compact fashion by the correlator (n(k, t)n(k’,t)) =

(2m)?k*25(k + k' )o(t —t'). In Eq. we have used that
h(k,t) = / d?r ™7 h(r,t). (A.5)
It is straightforward to show that the solution of Eq. is
h(k,t) = e “®Ip(k, 0) + e~o®) /D t dt, e® by (k t,). (A.6)

Let Ck(t1,t2) = (k(k,t1)h(—Kk,t2)), then the temporal autocorrelation function is

given by

(h(r,t1)h(r,t2)) = / % Ci(ty, o) e~@ W) (A.7)

where Cj (1, t2) is

Cu(ty,ta) = e “®titt2)(pk 0)h(—k,0))

t t2 4 " / "
+ eeBttt) / dt / di" e MO (1, )y (—k. ),
0 0

and a is a ultraviolet cutoff that has to be introduced to ensure finite values of (h?)
in the limit £ — oco. However, for d < 2 the cutoff plays no role since the interface

width roughens with time, therefore we can simply consider a = 0 in that case.
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After some algebra, Cy(t1,t5) becomes

Clty, b)) = e_o‘(k)(t1+t2)A(k)

(27T>dk272 —a(k)|t2—t1| —a(k)(tz+t1)

ASaliPALL Pt _ e A.
2a(k) e ‘ J (A.8)
where A(k) = (h(k,0)h(—k,0)). Assuming that the initial interface is flat, i.e.

h(r,0) = 0, and performing the integration over the k—space, Eq. (A.7)) becomes:
(h(r,t)h(r, 1)) = K [|a® +ta + t]*° — (a® + [ta — t1])*"] , (A.9)

where

28 = (2 - d)/, (A.10)

and K is a constant. For d < 2, we can simply take a = 0 and we obtain the result
shown previously in Eq. . In addition, if t; = t5 the interface width is described
by a power-law growth, i.e., (h(r,t)) ~ t* as t — oo. However, for d > 2 the
interface width saturates, i.e., (h?(r,t)) ~ (a?)~@2/% as t — oo.

With this result for the autocorrelation function ay(t1,t2) in mind, we intro-
duce two different new stochastic variables: H(r,t) = h(r,to +t) — h(r,ty) and
G(r,t) = h(r,to +t) — (h), with (h) being the spatial average height. When H(r,t)
vanishes the variable h(r, ty +t) reaches its initial value corresponding to the initial
time tg. On the other hand, the zeros of G(r,t) are associated with the discrete
times when h(r,ty+t) reaches its equilibrium average value. The evolution of these
two variables is closely related to the persistence and survival behavior of surface
fluctuations, respectively. It turns out that by looking at the autocorrelation func-

tions ay and ag of the variables H(r,t) and G(r,t), respectively, one can in fact
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obtain information about the persistence probability, P(t) (i.e. the probability of
not crossing the original configuration up to time ¢) and the survival probability,
S(t) (i.e., the probability of not crossing the average value up to time t), respec-
tively. The relationship between ag and S(t¢) has been explained in Chapter 4. We
now focus on the relationship between ay and P(t).

Let us first calculate the steady state value of ay(tq1,t2). This is achieved by

considering very large time scales, i.e.,

a%(tl,tg) = lim < H(I‘,to —|—t1)H(I‘,t0 —|—t2) >

to—o0

= t(}i—rgo( < h(r,to +t1)h(1‘,t0 +t2 ) > — < h(r,tg +t1)h(1‘,t0) >
= (h(rto)h(r.to+12) ) + (h(r,to)"))
= lim [ ah(to—l—tl,to—f—tg) — ah(t0+t1,t0)

to—00

- ah(to,to + tz) + ah<t0,t0)]. (All)

Using Eq. (A.2) (i.e., for simplicity we consider that d < 2), the steady state auto-

correlation function of the variable H(r,t) becomes:
agi(ty, ta) = K [t37 + 627 — |ty — t4]*7). (A.12)

It is interesting to point out that Eq. is precisely the autocorrelation function
of the fractional Brownian motion (fBm) with § = H being the well-known Hurst
exponent, 0 < H < 1. The ordinary Brownian motion is characterized by H =
1/2. Several analytical and numerical results are available in the literature for the
persistence probability of a fBm (see Section , allowing us to understand the
steady state regime of interface fluctuations, as we will show later on in Section [A.2]
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The second case of interest is the transient value of the autocorrelation function
obtained using very small values of ;. Without loss of generality, one can assume
that h(r,tg) = 0 (i.e., flat initial interface). By considering the limit ¢, — 0,

al(ty,ty) is nothing but ay(t1,ts), i.e.,
ag(tl,tg) = K[(tg + tl)Qﬁ — ’tg — t1|2’8]. <A13)

We observe that both the transient and the steady state values of ag(t1,t2) do
not depend exclusively on the time difference |t; — t1|, so the underlying dynamics
(although Gaussian) is not a stationary process. However, it turns out that the

following relatively simple change of variables

X — h(l‘,t)
thlr.6)%) (A.14)
T = Int

transforms the process into a stationary one. Indeed, the new normalized expressions
of the temporal autocorrelation functions in the transient and steady state regimes

read:

(h(r, t1)h(r, t2))
V (h(x,t1)?)(h(r, 1))

[ ()

<H(I‘, tl)H(r, t2)>
V(H (r, 1)) (H(r, 11)?)

— cosh[B(Ty — T})] — % '2sinh <

AT(T, T =

26

. (A.15)

sinh (T2 _ Tl)
2

and

AS(Tl, Tg) =

26

T2 - T1> (A.16)

2

We notice that both the transient and the steady state autocorrelation functions
have the same type of short—time singularity, but their behavior at large time is
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different if § < 1/2, i.e.,
1-0(T*) for T —0

AT(T) = (A.17)
e~ =AT for T — o

and

1—-0(T%) for T —0
AS(T) = (A.18)

e_min(ﬁ’l_ﬂ)T for T — 0.

As discussed in Ref. [29], it has been shown a long time ago that the calculation
of the persistence exponent # for processes with a general autocorrelation function
A(T) is very difficult [3T]. Approximate analytical results can be derived for certain
cases characterized, for example, by AT(T) = 1 — O(T?) for T — 0 (as in the
case of the diffusion equation) [23]. Also, if AT(T) =1 — O(|T|) one can calculate
perturbatively the value of 6 [88]. However, when § < 1/2; which is the case of the
dynamical interfaces and growth processes considered in this work, the density of
zero crossings is infinite [31], prohibiting the analytical calculation of 6. Therefore,
the only investigation tools we are left with are the numerical ones. This explains

why the main results presented in this thesis are based on numerical methods.

A.1 The Persistence Exponent of Fractional Brownian

Motion

Before proceeding further, we summarize the definition and the known first—passage
property of a fBm. A stochastic process £(t) (with zero mean (£(t)) = 0) is called
a fBm if its two-time incremental correlation function C'(¢1,ts) = ([£(t1) — £(¢2)]?)
is (i) stationary, i.e., depends only on the time difference |ty — ¢1| and (ii) grows
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asymptotically as a power law [61]
C(tl,t2> ~ |t2 — t1|2H, |t2 — t1’ >> 1. (A].g)

The parameter H (0 < H < 1) is called the Hurst exponent that characterizes
the fBm and (- --) denotes the expectation value over all realizations of the process
&(t). For the sake of completeness we also mention that, alternatively, a zero mean
stochastic process £(t) is called a fBm if its autocorrelation function has the following
expression:

ag(t1, ta) = (§(t1)E(t2)) ~ 67 + 137 — |ty — 11?7 (A.20)

The zero crossing properties of a fBm have been studied extensively in the past
[89, OO0, OT]. In particular, we are interested in the probability P(¢) that a fBm
does not cross zero upto time ¢. It turns out that P(¢) decays as a power—law at
large times, P(t) ~ t~% with the steady state persistence exponent @5 obeying the
relation [91]

fs=1—H. (A.21)

We note that this relation holds for any zero mean process (not necessarily Gaussian
[90], 92]) that satisfies the requirements (i) and (ii) above. Both analytic arguments
as well as numerical simulations supporting the relation have been presented
previously in the literature, as well as throughout this thesis. We present below a
simple derivation of the Eq. along the lines of Ref. [29].

Let P(§,7) denote the probability distribution that the process has the value

¢ at time 7, given that it starts from 0 at 7 = 0. This probability obeys a very
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simple scaling relation

P<sm>=if( ¢ ) (A.22)

o(r)" \o(7)
where (1) = ((£(7))?)"/? ~ 7H for large 7 and the scaling function f(y) is a constant

at y = 0. The density of zero crossings in the interval [, 7 + d7] is given by

p(t) =P(0,7) ~ % ~ 7 (A.23)

In other words, p(7) denotes the probability that the process £ returns to zero at
time 7, not necessarily for the first time. Thus, the total number of zeros up to a

total time 7 is

N(T) = /OT drp(t) ~T"H T > 1. (A.24)

Next, the strategy is to relate the persistence probability P(7) to the number of
zero crossings. P(7) is the probability that the process £ never returns to zero up
to time 7. By definition, P(7) ~ 77% for large 7. Then Q(7) = —dP/dr ~ 7~ (1+0s)
denotes the probability that the process will cross zero next time between 7 and
T+ dr. Q(7) is in fact the probability distribution of time intervals between zero
crossings. Next, let us consider a large time interval 7. Let N(7') denote the total
number of intervals in this period of time and n(7,T") the number of intervals of

length 7 within the period T'. n(7,T) is proportional to Q(7),
n(r,T) = N(T)Q(1) ~ N(T)r~ %) 1< r<T. (A.25)
The length conservation constraint for the interval T reads
T T
T = / dr 7 n(r,T) ~ / N(T)r™% ~ N(T)T . (A.26)
0 0
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This gives N(T) ~ T% and by comparison with Eq. (A.24)) we obtain the desired

relation g =1 — H.

A.2 Hints on How to Compute the Persistence Exponents

for Fluctuating Interfaces

It is well known that the analytical calculation of the persistence exponent is very
hard for a non-Markovian process even if the process is Gaussian [19] and obviously
additional complications appear if the process is non-Gaussian. One escape from
this problem is found when it is possible to map the underlying stochastic process
into a fBm. When this is the case, one can use known results of first—passage statis-
tical properties of fBm such as Eq. shown above to calculate the persistence
exponent analytically. This strategy has been applied successfully to several systems
[19, 29, [30} 42}, 93].

Indeed, from Eq. we see that a fluctuating interface in the limit t, —
oo and for d < 2 is a fBm with a Hurst exponent H = (2 — d)/2z. This implies that
the steady state persistence probability has a power-law behavior at large times,

P(t) ~ t7%  where

2z4+d—2

0g=1—H =
o 2z

(A.27)

In particular, the 1-dimensional nonconserved noise AD case is described by fg =
3/4, while for the conserved noise SED case the steady state persistence exponent is
7/8. These exact results have been confirmed both experimentally and numerically

38, 39, 41].
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However, for d > 2 the steady state persistence probability behaves differently
[93]. In this case the interface width saturates to a constant as ¢ — oo and the
evolution of the stochastic height variable cannot be mapped into a fBm anymore.
Further progress can be made by looking at the Eq. in the limit of large t;

and to, such that |ty — ¢1] is kept fixed (and denoted by 7),

1

an(T) ~ (@)@ (A.28)

Under these approximations h(r,t) becomes a Gaussian stationary process with an
algebraically decaying autocorrelator, a,(7) ~ 77, with o = (d — 2)/z. Newell and
Rosenblatt have studied such processes a long time ago [71] and provided a set of

bonds on the associated persistence probability. These conditions read:

P(t) ~ exp[—Kit], a>1

exp[—Kot*Int] < P(t) < exp[—Kst?], 0O0<a<]l. (A.29)

As a consequence, the persistence probability of interfaces with dimensionality
higher than d = 2 has a stretched exponential behavior for 2 < d < z + 2 and
an exponential behavior for d > 2z + 2. Obviously, these behaviors are different from

the power—law decay P(t) ~ t~% for d < 2.
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