RAPID COMMUNICATIONS

PHYSICAL REVIEW E, VOLUME 65, 06060(R)

Scaling behavior of the surface in ballistic deposition
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Using a dynamical scaling form for the surface fractal dimension as well as efficient algorithms for the
simulation and analysis of the surface in three-dimensional ballistic deposition, we show that while the top of
the surface is self-affine, the complete surface including overhangs has fractal dinfepsi8nThe existence
of such a fractal surface is a consequence of the difficulty of closing off voids in three and higher dimensions.
By studying a modified ballistic deposition model in which sticking is allowed with a given probapijlitye
show that the surface undergoes a phase transition from fractal to compact at a finite val@uofresults
also have implications for understanding the surface morphology in sedimentary rocks and low-temperature
thin films.
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The morphology and evolution of the surface in thin-film low-temperature thin film$9]. It also leads to a picture of
growth has been a subject of extensive recent theoretical ariie film in ballistic deposition, i.e., as a complicated set of
experimental interestl,2]. One particularly simple model, branches and pores of all length scales up to the height of the
the ballistic deposition modéB], was originally formulated film, which is Co_mpletely differe_nt from the traditional pic-
as a model of sedimentation and has also been extensiveiyre corresponding to a self-affine surface. Our results also

studied as a model of low-temperature thin-film growth andProvide an explanation for the phase transition previously
surface roughening2]. In its simplest form the ballistic observed for the case of modified ballistic deposition in

g : X : - which relaxation is include10].
deposition model may be described as follows: starting with In order to determine the scaling behavior of the surface

an initially flat surface, particles are sequentially dropped

along randomly positioned vertical trajectories. Particles be[ncluding overhangs in three-dimensional ballistic deposi-
9 yp . . 4 ; tion, we have carried out simulations on a cubic lattice using
come part of the deposit at their positions of first contact.

i : ._relatively large system sized €2048-4096) and average
While overhangs are known to play an important role in IVely large sy ized € ) verag

L o . . film heights {h)=1000). To simulate such large systems, an
ballistic depositiori4], in most recent work the emphasis has gfficjent bit—pa(>:king method was used in which each site of

been on the scaling behavior of the top of the surigoer- e cubic lattice corresponds to one bit of a 16-bit integer
ing overhangs, which is believed to be self-affine. In particuyord. The surface sites were then determined by first identi-
lar, extensive simulations of ballistic deposition on one-,fying the nearest-neighbor connected cluster of empty sites
two-, and three-dimensional substrates have been carried ogbove the surfaceising a memory efficient algorithfd1] in
[2] in which the scaling behavior of the top of the surface hasyhich only two additional bits per site were requiyeahd
been studied and compared with the predictions of thehen identifying the surface sites as corresponding to all oc-
Kardar-Parisi-Zhang KPZ) equation[5] as well as with cupied sites that are nearest neighbors of this connected clus-
other discrete growth models believed to be in the same untier.
versality class. While these results are important for under- In order to characterize the surface morphology as a func-
standing such “contact” properties as friction and wear, fortion of length scalé and coverage (where# is the number
other applications such as catalysis and adsorption it is imof deposited layers, i.e., the number of deposited particles
portant to understand the scaling behavior of ¢in¢ire sur-  divided by the area of the substratee have used the box-
face. However, the scaling behavior of the surfamduding ~ counting method 1,12 along with the assumption of dy-
overhangshas not been studied. namic scaling13]. For a fractal surface Fhat is roughening
In this Rapid Communication, we present results for theduring growth, one expects that the maximum length s¢ale
scaling behavior of the entire surface including overhang®Ver which fractal behavior may be observned should increase
for ballistic deposition in three dimensions, corresponding tgVith coverage as a power law, i.e., &s 6", wheren is a
growth on a two-dimensional substrate. In contrast to thecoarsening” exponent. IN(1, #) corresponds to the number
case of ballistic deposition on a one-dimensional substrat&f cubic boxes with sides of length which contain at least
for which the surface fractal dimensidb=1 is the same ON€ occupied surface site at coveragethen one expects
both with and without overhangs, in three dimensions weN(l,0)~1""f for I<£(0) (whereDy is the surface fractal
find that the surface including overhangs is fractal with sur-dimension and N(I,6)~1"¢ (whered is the substrate di-
face fractal dimensio=2.9-3.0. This result has impor- mension for I>¢(6). Combining these observations with
tant implications for our understanding of the surface andhe assumption of scalinfl3] leads to the following dy-
pore structure of sedimentary rocl&-8] as well as for our nhamical scaling form for the surface box numipélt, 0),
understanding of the surface morphology in the growth of N(I,0)=6-9"F(1/6"), 1)

where the surface dynamic scaling functibfu) satisfies
*Electronic address: jamar@physics.utoledo.edu f(u)~u~9for u>1 andf(u)~u~Pr for u<1. Equation(1)
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FIG. 1. Scaled surface box number as a function of scaled box
size for ballistic deposition on a cubic lattiGe@pper symbolsalong
with similar results for perimeter sitggower symbols. Perimeter
site results have been shifted down by a factor of 100 for clarity.

FIG. 2. Vertical cross section of ballistic deposit with system

implies that forl>&(6), N(I,6) is independent of coverage SiZeL=128 andg=35.

while for1<£(6), N(I,6)~ 6° whered=n(D;—d). Assum-
ing a small length-scale cutoff of one lattice-unit, this impliesconvoluted structure of the deposit.
that the total surface area grows $&)~N(1,6)~ 6°. How can we explain the large value of the surface fractal
Figure 1 shows our results for the surface dynamic scalinglimension in three-dimensional ballistic deposition? While
function f(u) for ballistic deposition on a cubic latticdL( in two dimensions, voids due to overhangs may be easily
=2048), over a large range of box sizds=(1—-2048) and filled in due to the “joining” of nearby branches via arches,
coverages §=5-160) using the value=1 for the coars- in three dimensions this is much more difficult. As a result,
ening exponent. As can be seen, there is excellent scaling three-dimensional ballistic deposition almost every depos-
over almost five decades in the scaled box size and twelvidged particle remains a part of the thin-film surface and is not
decades in the scaled box number. Fat<3, we find D; blocked off. Since the film is three dimensional and compact,
=2.9 while forl/6>3 there is a sharp crossover to “flat” this implies that the surface is also three dimensional. These
scaling behavior withD;=2.0. These results indicate that results lead to a picture of three-dimensional ballistic depo-
even though the simulated film is comp#since the average sition, which is quite different from the standard one corre-
film height (h) is proportional to the coveragéhe surface sponding to a self-affine, globally flat surface. Instead, one
itself is “fractal” with fractal dimensionD;=3. Also shown may think of the surface of a ballistic deposit in three dimen-
in Fig. 1 is the dynamic scaling function for the perimetersions as a complicated set of branches and pores of all length
sites corresponding to all empty sites that are nearesscales up to some maximum length scg(é€) that penetrates
neighbor sites of the surface. As can be seen the scaliri§e entire film. When such branches meet or connect, they
behavior is essentially identical to that for the surface sitesmay form loops or pores but do not block off the surface.
These results contrast strongly with the corresponding results This picture also explains the value of the coarsening ex-
for two-dimensional ballistic deposition for which the fractal ponentn=1. Since it is very difficult to “block” off a pore
dimensionD;=1 at large length scales is the same whethein three dimensions, the film surface extends throughout the
or not overhangs are included. height and width of the film. As a result, the maximum
In order to gain some insight into the minimum pore size,length scale corresponding to fractal behavior is only limited
we have also measured the scaling function corresponding tey the average film thicknegs), which increases linearly
the “accessible” surface sites defined as those surface sitegith coverage. For length scales smaller than the average
that may be reached by traveling on the nearest-neighbdilm thickness the surface is three dimensional, while for
connected cluster of empty sites above the surface withodarger length scales, the surface will appear two dimensional.
touching another surface site. The accessible surface sites dfe agreement with this picture the crossover from three-
thus defined in analogy to those that could be reached by afimensional to two-dimensional behavior occurd /#t=3,
adsorbing molecule. Our results for the accessible surfacehich correspondssince the film densitp= 6/(h)=0.3) to
sites are almost identical to those for the surface sites, thdg(h)=1.
indicating that the typical pore size is significantly larger As already noted, the ballistic deposition model was origi-
than one lattice spacing. This is confirmed by the verticahally developed as a model of sedimentafi8h While other
cross section shown in Fig. 2, which illustrates the typicalprocesses such as compaction and “antisinteririgf| play
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FIG. 3. Scaled surface box number as a function of scaled box FIG. 4. Surface area as a function of coverage for different
size for modified ballistic deposition model €p=<1). values of the sticking probabilitg in modified ballistic deposition.

an important role in sedimentary rock formation, it is inter- erties of the entire surface including overhangs are involved
esting that recent experimental measurements of the surfadie the transition.

fractal dimension of sandstondd,8] give results D Figure 4 shows the corresponding results for the surface
~2.85) that are relatively close to those obtained in ourdrea as a function of coverage for different values of the
simple model. Similarly, measurements of the fractal dimensticking probability p. For p=0.35, the surface area in-
sion of the thin-film surface in room-temperature vaporcreases rapidly withh=1 as expected if every deposited
deposition of gold indicate a similarly large fractal dimen- particle is part of the surface, while f@<0.35, one has
sionD;=2.7-2.8[9]. Therefore, ballistic deposition may be =0. The values=1 is consistent with the scaling relation
a useful starting point to understand the development of fracd=n(D;—d) with d=2, D;=3, andn=1, while in the flat

tal surfaces in low-temperature thin-film growth and sedi-phaseD=d implies 5=0.

mentary rocks. Figure 5 shows our results for the surface area growth

In order to determine the effects of surface relaxation orexponents along with the corresponding results for the film
the surface fractal dimension, we have also studied a modidensity p= 6/(h), and effective roughening exponert
fied ballistic deposition model in which each deposited par{wherew(6)~ 6* andw is the rms surface heighas a func-
ticle either sticks with probability to the point of first con-  tion of the sticking probabilityp. While all three quantities
tact, or with probability 1-p, it falls to the lowest site indicate the possibility of a phase transition as a function of
within one nearest-neighbor distance of the original column.
While the p=1 limit corresponds to pure ballistic deposi-
tion, thep=0 limit corresponds to Edwards-Wilkinsd&W)
scaling behaviol{15,16 that implies a self-affine surface
with logarithmic scaling in three dimensions. The scaling
behavior of the surface height fluctuations for such a model
was first studied by Pellegrini and Julligh0] who observed
a transition from EW exponents f@<0.35 to KPZ expo-
nents forp>0.35 in three dimensions. A similar transition
was observed in a somewhat different model by Yan, Kessler,
and Sandef17,18.

Figure 3 shows our results for the surface dynamic scaling
function for the modified ballistic deposition model as a
function of the sticking probabilityp. As can be seen, a phase
transition from a surface with fractal dimensi@=3 for
large sticking probability to a flat surface with;=2 for
small sticking probability is clearly indicated. In particular,
for p>0.35 andl/6<3, the data all lie close to a line with
slope —D;=—2.9, while for p<0.35 the data approach a
line with slope —D¢=—2.0. Thus, our results confirm the  FIG. 5. Effective roughening exponegt densityp, and surface
existence of a phase transition as a function of the stickingrea growth exponent as functions of sticking probability in
probability. Furthermore, they indicate that the scaling prop-modified ballistic deposition.
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sticking probability, the existence of such a transition is mostdimensions, we expect that the same behavior should occur
dramatically indicated by the rapid increase in the valué of in higher dimensions, i.eD;=d+1 for d=2. Experimental
nearp=0.35. results for the surface fractal dimension of sandstone and
Such a transition can also be interpreted as a vacanoyapor-deposited gold thin films are in good agreement with
percolation transition i+ 1 dimensions. In this connection, our results, thus indicating that ballistic deposition may be a
we have verified that in the fractal regime, the vacancy clusyseful starting point to understand the development of fractal

ter percolates in both the vertical and horizontal directionsgrfaces in low-temperature thin-film growth and sedimen-
Accordingly, one expects that at the critical sticking prob-tary rocks.

ability (p.=0.35) the fractal dimension of the surface is the

same as for three-dimensional percolation, iRi=2.53  jncjuding overhangs for a modified ballistic deposition

+0.02[19]. _ _ _ ) ~ model. Our results explain the origin of the phase transition
In conclusion, we have investigated the scaling propertiegeviously observed for this model as corresponding to an
of the surface including overhangs in three-dimensional balzprypt transition in the surface fractal dimension as a func-

listic deposition. Our results show that, while the top of thetjon of sticking probability. In the future, it would be inter-

surface_ is self—aff@ne, the complete_ surface including OVerasting to study the effects of other relaxation mechanisms on
hangs is fractal with fractal dimensidd;=3. These results he surface scaling behavior.

lead to a picture of the film in ballistic deposition, i.e., as a

complicated set of branches and pores of all length scales up This work was supported by a grant from the Petroleum
to the height of the film, which is completely different from Research Fund of the American Chemical Society. We would
the traditional picture corresponding to a self-affine surfacealso like to thank the Ohio Supercomputer Center for a grant
Due to the difficulty in blocking pores in three and higher of computer time.

We have also studied the scaling properties of the surface

[1] A.-L. Barabai and H.E. Stanleysractal Concepts In Surface [10] Y.P. Pellegrini and R. Jullien, Phys. Rev. L&, 1745(1990);
Growth (Cambridge University Press, Cambridge, England, Phys. Rev. A43, 920(199)).

1996. [11] J. Yu and J.G. Amafunpublishedl
[2] P. Meakin, Fractals, Scaling and Growth Far from Equilib- [12] B.B. Mandelbrot,The Fractal Geometry of Naturé~reeman,
rium (Cambridge University Press, New York, 1998 San Francisco, 1982
[3] M.J. Vold, J. Colloid Sci14, 168 (1959. [13] F. Family and T. Vicsek, J. Phys. 28, L75 (1985.
[4] D.Y.K. Ko and F. Seno, Phys. Rev. &, R1741(1994. [14] M.H. Cohen, inPhysics and Chemistry of Porous Media Il
[5] M. Kardar, G. Parisi, and Y.C. Zhang, Phys. Rev. L&6,. 889

edited by Jayanth R. Banavar, Joel Koplik, and Kenneth W.

’ (Ali’SQK- o and AL TH ohve. Rev. Lebt 1325 Winkler, AIP Conf. Proc. No. 154AIP, New York, 1987.

(6] (1'9'85 atz an o ompson, yS. Rev. ' [15] S.F. Edwards and D.R. Wilkinson, Proc. R. Soc. London, Ser.
' A 381, 17 (1982.

[7] (Cl.éEéaKrohn and A.H. Thompson, Phys. Rev. 3, 6366 [16] F. Family, J. Phys. A9, L441 (1986.

[8] A.P. Radlinski, E.Z. Radlinska, M. Agamalian, G.D. Wignall, [17] H. Yan, D. Kessler, and L.M. Sander, Phys. Rev. L&4.926

P. Lindner, and O.G. Randl, Phys. Rev. L&2, 3078(1999. (1990.

[9] J.M. Gomez-Rodrigues, A. Asenjo, R.C. Salvarezza, and A.M.[ls] J.M. Kim, Phys. Rev. Lett68, 1248(1992.
Baro, Ultramicroscopy2-44 1321(1992). [19] N. Jan and D. Stauffer, Int. J. Mod. Phys.9C341(1998.

060601-4



