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Growth morphology for a ballistic deposition model for multiple species
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The kinetics and morphology of surface growth are studied for a ballistic deposition model with two kinds
of particles(A andC) in 1+1 and 2+1 dimensions. A morphological structural transition is found as the
probability of being a particleC increases. This transition is well defined by the different behavior of the
surface width when it is plotted versus time and probability. The calculated expomemtd 3 for different
values of probability show the same behavior. We attribute this transition to the formation of wide vacancies
during the growth while the interface advancg$1063-651X98)02008-X]

PACS numbg(s): 68.10.Jy, 05.40kj, 05.70.Ln, 68.35.Ct

. INTRODUCTION oh A
E=vV2h+§(Vh)2+ 7(Xx,t) 3
The growth of surfaces and interfaces remains a challeng-
ing problem in physics. It attracts much interest due to its
technological importance as well as its relevance in underfor the local growth of the profiléa(r,t) of a moving inter-
standing nonequilibrium statistical mechanics at the fundaface about a’-dimensional flat substrate.
mental level[1-3]. The study of the kinetics of crystal The BD model represents an example of well studied
growth helps us understand this phenomenon since it degrowth models. Here particles rain down vertically onto a
scribes how the surface evolves with time, while the study ofd’ -dimensional substrate and aggregate upon first contact
the morphology provides a clear interpretation of the growth[8]. Such a model gives rise to a rather interesting structure:
Most of the studies contain rough surfaces and stochasticallyhe surface is a self-affine fractal, although the bulk is com-
growing interfaces in the context of the ballistic depositionpact[3]. Most previous studies have dealt with the surface
(BD) as well as other models and continuum growth equagrowth of one kind of particld1-4]. Generally, in the
tions[4]. growth of real materials one should take into consideration
A different feature of this phenomenon is the existence othat different kinds of particles are deposited. Thus, in the
dynamic scaling5], i.e., if we start at=0 from a flat sub- growing system, there may exist different interactions for

strate of lengthL, we have different particles, which in turn yield a different kinetics of

growth associated with a change in the morphological struc-
W(L,t)=L*f(t/L?), (1) ture of the aggregate. Pelligrini and JulliéR) [9,10] de-

) ) scribed a surface growth according to a model with two kind
whereW(L,t) is the surface width of particles, sticky and sliding, where both are active. This
1 model interpolates between a diffusive model that incorpo-
2 _ _hi12 rates surface diffusion and the usual ballistic deposition

WAL.Y L9t Z [h(r.t)=h(t) ] @ model. They used a parameterto control the process of

diffusion on the surface. Wher=0 their model is similar to
Hereh(r,t) is the height of the surface at positiorand time  that of Family[11], i.e., a model with surface reconstruction,
t, h(t) is the average height at tinte andd’=d—1 is the  while whenc=1 it is equivalent to the plain ballistic model.
substrate dimension. The dynamical scaling behavior is char- In our work we describe the kinetic growth in+11 and
acterized by the roughness exponentind the dynamical 2+1 dimensions as well as the morphological structure in
exponentB with z= o/ 8. The scaling functiorf(x) behaves order to interpret the results that have been obtained from the
asf(x)=x? for x<1 andf(x)=const forx>1. The scaling kinetics for two kinds of particles that are active and inac-
behavior has been studied in various systems and models atide. We hold the growth rules of the ballistic model for
has been argued to be univergh+4]. One of the successful different condition and in all casdd42-14. So we do not
theoretical approaches describing the BD model is that ofntroduce any kind of surface diffusion for the inactive par-
Kardar, Parisi, and Zhanfp], which is based on Edwards ticles or any reconstructuring processes on the surface. In 2
and Wilkinson’s theony7]. The Kardar-Parisi-Zhang equa- +1 dimensions, which simulates the real surface growth, we
tion is a nonlinear Langevin equation extend the interaction between particles from nearest-
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surface growth according to a model with two kind of par-
ticles, sticky and sliding, where both are active. This model
interpolates between a diffusive model that incorporates sur-
face diffusion and the usual ballistic deposition model. They
used a parameterto control the process of diffusion on the
surface. Wherc=0 their model is similar to that of Family
[11], while whenc=1 it is equivalent to the plain ballistic
model. We do not expect that introducing the paramBtar

our model will reproduce the same effect as in that of PJ
since we do not include surface diffusion for the inactive

[ - ; . icles.
neighbor(NN) to next-nearest-neighbdNNN) interactions particles

in order t this effect on Kinetics. W th babilit We have chosen the model since it describes chemical
In order to see this etiect on kinetics. We use the probabliity.o , s that take place on the growing surface of materials.
P as a continuously tunable parameter to control the syste

We find that there is a transition for both dimensions: AbovglhOr instance, it models the reaction pro B=C, where

- o S ; particle A and particleB are active. Once particlé is
a critical probability P, the growth kinetics has different : S
features from belowP, and it is attributed to the change in touched by particld, the combination produces a product

th holoaical struct £ th i C, which is no longer active. Particla is chosen with a
€ morphological structure of the System. robability 1— P and particleB with P. That is, the reactant
The arrangement of the paper is as follows. In Sec. Il th

ballistic deposition model for two species is described. The 'S produced with the probabiliti wher_nP 'S small. Thus,
kinetics of growth and the morphological structure are. pre-In t_h|s system, some of the surface sites continue to react
sented in Secs. Il and 1V, respectively. Finally, a conclusionWhIIe some S|te§ do not. [t also reprgsents.the sgrface growth
is given in Sec. vV ' ' ' _of a njgterlal with a low concentra_tlon of_|mpur|t|es. These
o impurities are represented by parti€le which has less ac-
tive bonds than particlé&. Further, it describes the deposi-
II. A BALLISTIC DEPOSITION MODEL tion of two kinds of particlegone heavy and one lightvith
FOR TWO SPECIES different attractive forces. Finally, the surface growth pro-
cesses of the particles on the aggregation might be consid-
Two different kinds of interacting particles, particl  ered as a kind of percolation of the partic[d$]. The depo-
(the active particleand particleC (the inactive onpwith  sjtion of particlesA introduces connective bonds for the
probabilities 1-P and P, respectively, are deposited on a incoming particlesA and C, while the deposited particl€
substrate of siz&9". The particles are allowed to fall ran- forbids both particlesA and C to stick to it. The surface
domly straight down, one at a time, onto a growing interfacekeeps growing as long as the surface sites are not entirely
At first, a column is selected at random and then particle covered by the inactive particle.

(or particleC) is deposited on the surface of the aggregate

1 55

FIG. 1. Ballisticlike deposition model of two kinds of particles.
The white rectangles represent particesnd the dark rectangles
denote particle€. The circles refer to incoming particléA or C).
The arrows indicate the path of the particles where it sticks.

with a probability 1- P (or P). The clusters of the aggregate, IIl. GROWTH KINETICS
separated by empty spaces are shown in Fig. 1. The white . . , . .
rectangles represent the aggregated particles of Aypad To perform simulations for this model, a lattice of size

dark rectangles represent those of tgpeThe incoming par- L% is considered. The aggregation occurs in Zhéirection.
ticles are denoted by circles, which mean both types of parAt the beginning all sites are occupied by partickegor Z
ticles A andC. The path of the fallen particle is shown by <O0. Periodic boundary conditions are used in Xhdirection
the arrows. The deposition occurs according to the followingn 1+1 dimensions and in both thé and Y directions in
processega) If the dropping particle meets particeon the 2+1 dimensions. The statistical average is obtained over
top of the selected column, higher than its neighbors, th&®00 independent simulations for each parameter. We find
incoming particle sticks to ifallen particle 5 in Fig. L (b)  that in 1+1 dimensions for the system si2e<100, the
If the selected column is lower than any one of its neighborssurface width is size dependdr?], while in 2+1 dimen-
the incoming particle sticks on the side of any one of thesions only the system with NN interactions has this feature
neighboring columns when it finds particke regardless of for L<<70[13,14. Thus, in this work we always use a sys-
the type of particle on the top of this chosen colu(fallen  tem large enough so that the results will not depend on size.
particles 2, 3, and 6 in Fig.)1(c) If the chosen column is Figure 2 shows a log-log plot of the surface widthas a
lower than its neighbors that have only particl&salong function of timet (the number of deposited particjefor
them, the fallen particle continues downward and it sticks ordifferent values of the deposition probabiliy and fixed
the top of the chosen site if and only if it contains a particlesystem size. It is seen from this figure that the width of the
A; otherwise it is discarde@allen particle 4 in Fig. L (d) surface first increases fast and finally saturates to a fixed
When the newly arriving particléA or C) meets particleC ~ value after experiencing a slowing down. FB=0, in all
on the top of the chosen site the particle does not stick andases, the curve represents the usual BD model for only one
this process is excluded, except when the neighboring cokind of particle[12—14. For small values oP # 0, the sur-
umn contains particlé one step above the top of the chosenface width becomes smaller as the probability increases and
column (fallen particle 3 in Fig. 1 the saturation state is reached early. HoweverPfor0.25 in

It might be considered at first sight that our model is1+1 dimensions and>0.5 in 2+ 1 dimensions, the sur-
similar to the one proposed by IP3,10]; however, they are face width increases as the time increases and the system
completely different. In their work the authors describe asaturates faster. In41 dimensions it is not possible to ex-
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FIG. 2. Log W(t) versus logtin (a) 1+ 1 dimensions(b) 2+ 1 dimensions with NN interactions, arid) 2+ 1 dimensions with NNN
interactions.

amine the system with high values Bfdue to the disappear- After these values of probability the exponenincreases for
ance of bonds between particles affer=0.32, while in 2 1+1 and 2+ 1 dimensions with NNN interactions, while it

+ 1 dimensions we are able to reach the valBes0.64 and decreases for the case with NN interactions. The expa8ent
0.7 for systems with NN and NNN interactions, respectively.increases for both cases afterexceeds 0.25 and 0.5 for 1
Figure 3 shows a plot of the logarithm of the saturation width+1 and 2+ 1 dimensions, respectively. It should be noted
W(t==) versus the probability?. It is shown that in each that both exponents becom&s dependent a$ increases
case the value diV(t= ) first decreases & increases and over the above-mentioned values.

then it increases. The minimal point is found to be around Therefore, the different behaviors of the surface width
P=0.25 in 1+1 dimensions and®=0.5 in 2+1 dimen- and the exponents for different valuesled us to define a
sions. Figures @) and 4b) show plots of probability versus critical probability P.=0.25 and 0.5 for +1 and 2+1 di-

the exponentgr and B, respectively. The values of both ex- mensions, respectively. The presence of this critical value
ponents forP=0 give the same values in all cases for theindicates that a change in the morphological structure may
usual ballistic deposition modgl,2,4,14. It is shown in the  happen when the value & exceedsP.. The rapid increase
figure that the exponenta and 8 do not change untiP in the surface width afteP, may indicate that more voids
=0.25 and 0.5 for 1 and 2+1 dimensions, respectively. are formed when the interface moves, which increases the
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FIG. 3. log W(t=x) versus the probability for different system
sizes(the solid line joining the calculated points is drawn for con-
venienceg in (8) 1+1 dimensions(b) 2+ 1 dimensions with NN
interactions, andc) 2+ 1 dimensions with NNN interactions.

nonlinear term Yh)?2, since in the ballistic model the inter-
face velocity depends on this tef#]. Furthermore, the val-
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increase of the values of the exponghafter P, in all cases
implies high fluctuations in heighf12—-14, indicating a
change in morphology. To make this argument more clear
we need to study the density of the bulk, which will be done
in the next section.

IV. MORPHOLOGICAL STRUCTURE

We conjectured in the preceding section that the kinetics
of growth gives us an indication that as the probability of
deposition of particle€ increases, there exist two different
morphological regimes separated By. In order to interpret

such features, the densjtywherep= N/(h)Ld' andN is the
number of columns, of the whole aggregate is calculated for
each value oP in all cases. Figure 5 shows the densities of
particlesA andC as well as the total number of particles as
a function of the probability. We notice that the density of
particlesC increases and then decreases, while for parficle

it decreases always, although faster after a cefairThis
makes the whole density behave as the lagparticlesA),
indicating the formation of voids. AfteP., the number of

ues of the exponenk indicate that the surface becomes voids formed increases due to the presence of more particles

smoother for the model with NN interaction wheh in-

C, which introduce inert sites. Therefore, the presence of

creases and rougher for the other two cases. In addition, thgarticlesC enhances overhanging rather than downward dif-
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FIG. 6. Cross-sectional view of the final stage of the aggregates
in 1+1 dimensions for two different values of probabilities.

decreases when the value®increases due to the formation
of voids while the interface advances. Also, it is indicated in
these figures that the connectivity of the particles is less
aboveP..

Microscopically, the formation of such a different mor-
phological structure in all cases can be understood as fol-
lows. ForP <P the deposition of particles of typ& occurs
more frequently than that of particles of tyge Since the
bond strength between particlés is large, they are con-

fusion as might be expected from the introduction of thenected together forming big clusters separated by very small
model. Figures 6—8 show a cross-sectional view of the finaislands of particle€. This may lead to a rapid growth of the

part of the aggregates for+11 and 2+1 dimensions with

columns that contain particles on their tops or along their

NN and NNN interactions, respectively, for different prob- neighbors that have more particles of typethrough the
abilities. It is seen in these figures that the density of the bullsideways sticking and a slow growth of columns that contain
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in 2+ 1 dimensions with NN interactions for two different values of

probabilities.

particlesC on their tops or along their neighbors. FBr

move downward to encounter a partideunless the neigh-
bors of the chosen site are covered by parti€@ed his must

T
60 70

FIG. 8. Cross-sectional view of the final stage of the aggregates
in 2+ 1 dimensions with NNN interactions for two different values

hence the system saturates earlier in time. In fact, the effect
of more overhangs is responsible for the increase of the in-
terface velocity afteP. since it leads to the formation of

> P, there will be more particle€ thanA on the tops of the voids under the surface, which in turn increases the surface
columns and on the neighbors. The incoming particle cannagradient. Therefore, the particles stick to the surface perpen-
dicularly to the local gradient, increasing the nonlinearity in
the growing surface. However, in the case of NNN interac-

happen for all layers through which the incoming particletions, where the increase in the surface width dftgrs less

descends. Such a case has a small chance as it is most prdfian that of the NN case, there may exist a smaller increase
in the surface gradient due to the extension of bond lengths.
layer if it has not done so on the first. This may cause mordhen the formation of voids throughout the bulk is less in the

able that the incoming particle meets partidlén the second

overhanging processes, which enhances the lateral spreadiNgIN case than in the NN cageompare Figs. (b) and &b),
of the surfacg16]. This mechanism leads to an increase innoting that the first is folP=0.64 and the second fdP

the lateral correlation length, reaching the valud_dster;

=0.7]. In fact, when the interaction is extended to the NNN
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sites, the chance for lateral sticking is increased since the-1 and 2+1 dimensions with NN and NNN interactions. A
probability of occupation of neighboring sites by particks phase transition of the morphological structures has been
increasegnote that the number of neighbors i &his in  found as the probabilityP increases. The physical origin of
turn causes smaller formation of voids for small value®of the transition lies in the tendency of particlEso aggregate
and leads to an approximate constant derfsige Fig. §c)].  together to form inert clusters and the different interaction
This effect on the surface width and the interface velocityprocesses between different particles. Also the presence of
can be seen in Figs. 2 and 3 and while the kinetics of botlparticlesC increases the formation of voids, inducing a fast
cases of NN and NNN interactions have the same trend, thgrowth rate to earlier saturation of the surface width. Further-
surface width goes to higher values in the case of NN thamnore, the tendency of particlés (inert particle$ to form

that of the case of NNN interactions. clusters on the surface leads to a nonlocality in the growth
where the flux of the particles is captured by some sites. This
V. CONCLUSION enhances the formation of wide and deep grooves on the

surface due to the growth of some sites more than others.

In our simulations we have studied the kinetics and mor-rhs effect is indicated by the higher values of the exponent
phology of surface growth for different probabilities. We Bin all cases afteP..

found that upon increasing the probabiliB, more over-
hangs occur and wide vacanciédefect$ in the bulk are
formed. This may enhance the nonlinearity in the growth
along these defect lines. Therefore, these wide vacancies are
responsible for the different growth kinetics above and be- H.F.E. would like to thank the International Centre for
low P. Theoretical Physics for their hospitality during this work.

In conclusion, we have proposed a ballistic surfaceH.A.C. acknowledges support from the Istituto Nazionale de
growth model for deposition of two kinds of particles in 1 Fisica Nucleare.
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