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We study the interface dynamics of a discrete model previously shéw8anchez, M. J. Bernal, and J. M.
Riveiro, Phys. Rev. B50, R2427(1994)] to quantitatively describe electrochemical deposition experiments.
The model allows for a finite density of biased random walkers which irreversibly stick onto a substrate. There
is no surface diffusion. Extensive numerical simulations indicate that the interface dynamics is unstable at early
times, but asymptotically displays the scaling of the Kardar-Parisi-Zhang universality class. During the time
interval in which the surface is unstable, its power spectrum is anomalous; hence, the behaviors at length scales
smaller than or comparable with the system size are described by different roughness exponents. These results
are expected to apply to a wide range of electrochemical deposition experifi&63-651X98)50803-3

PACS numbg(s): 05.40+j, 05.70.Ln, 68.35.Fx, 81.15.Pq

The field of nonequilibrium dynamics of rough surfaces 1 _
and interfaces has undergone an enormous activity during Wz('—,t):f > [h(x,HH—h (D1?), 1)
the last decade. Considerable experimental and theoretical X
efforts have been devoted to understanding the common geQyhere angular brackets stand for noise average.
eral features of the growth of surfaces in various seemingly |n many cases it is observed that the width initially grows
unrelated phenomend,2]. By exploiting the existence of asw(L,t)~t# for t<LZ saturating at a size dependent value
universality and scale invariance akin to those present ig(L)~L® for t>L% The roughness exponent the dy-
equilibrium critical phenomena, most of the activity has beemamic exponeng, and their ratio8= a/z are usually taken
aimed to organizing nonequilibrium surface growth pro-to identify the universality class that the growth process con-
cesses into universality classes. In this context, surfaces asidered belongs to. Under the assumption of scale invariance
described by theglobal width (or roughness W(L,t), the (self-affinity), analogous behavior is expected for the rms
rms fluctuations of the height variablgx,t) giving the lo-  fluctuations of the height within a box of lateral siz&L, or
cation of the surface at positionover a substrate of lateral local width

sizeL at timet, around its mean valule,_(t) = 1/LS,h(x,t):

1 —
w10 =7 <2 [h(x,t)~ h|<t>]2>, @
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The scaling behaviof3) holds, e.g., in the Kardar-Parisi- " ' '
Zhang(KPZ) equation[3], which generically describes sur-
faces growing irreversibly in the absence of specific conser- 10 |
vation laws[2]. However, in recent studig€,5] of surface
growth in the context of molecular beam epita®BE) and
related vapor deposition techniques, it has been found thaz
many relevant discrete models and continuum equations de_3
not obey the local scalind3), but rather for intermediate —
timesl?<t<LZ it is found thatw(l,t) ~1oct(¢~10c)/Z \ith =
a0 * @; hence the behaviors of the surface at small and
large length scales differ. This phenomenon has been terme
anomalous scalingand is not yet understood at a fundamen-

tal level (see[6,7] for overviews. In principle, anomalous 0.5

scaling was somehow associated with super-roughgniag . . .

the existence of exponent values=1). However, recent 10° 10° 10’ 10 10’
works have shown that it can appear as an independent phe t

nomenon[9] (henceforth referred to astrinsic anomalous
scaling caused by anomalous behavior of the surface power FIG. 1. Global width vs time fop=0.05, s=1, ¢=0.1. The
spectrum[4,10] (to be defined beloy Up to now, the only  dynamics presents an initial transient during which the surface is
cases in which anomalous scaling has been identified argill uncorrelated and3~3. Then there is an unstable transient
related to models with a conserved current along the surfaceyithin which 5~0.7. In this region the system presemsrinsic
as those for MBE growth6,7], or with some type of disorder anomalous scalingsee text Before saturation, the KPZ nonlinear-
[8—-12. We are aware of no previous report on the occur-ty governs the dynamics, hengg~0.33. The present plot is an
rence of intrinsic anomalous scaling in models with timeaverage over 50 noise realizations. All magnitudes are measured in
dependent noise and no constraint or conservation lawarbitrary units.
Moreover, an obviously important open issue is to clarify the
experimental conditions under which anomalous scaling catime as follows: Every time step a walker is chosen and
be observable. moved to one of its four neighboring sites with different
In this Rapid Communication we study a surface growthprobabilities: 0.5 to move parallel to the cathd@éher left
model, called multiparticle biased diffusion limited aggrega-or right); 0.25+ p to move down towards the aggregdtiee
tion (MBDLA), introduced in[13] and shown to describe cathode, at timé¢=0), and 0.25-p to move up, away from
quantitatively electrochemical depositidECD) experiments  it. The parametep is referred to as thbiasand, as shown in
[14]. In particular, it allows one to study systems with a finite [13], can be quantitatively related to the electric current in
density of depositing particles of different species. The rethe physical system; experimentally, it can be controlled by
laxation rules of MBDLA do not yield a conserved current. changing the value of the applied electric field. After a des-
Specifically, consistent with a range of experimental applicatination site has been selected, the particle moves if that node
tions [14], there is no surface diffusion. As a consequence©f the lattice is emptyand we select another particle if it is
we will show below that MBDLA asymptotically displays not). Once the particle has been moved, if the new position
the scaling behavior of the KPZ universality class. Neverthehas any nearest neighbor site belonging to the aggregate, the
less, there does exist a time regime in the evolution of thavalker's present position is added to the aggregate with
surface during which the effective scaling is intrinsically probability s; otherwise it stays therand is able to move
anomalous and described by nonuniversal exponents. Thiggain with probability 1—s. We terms the sticking prob-
time regime is associated with the onset of an instability duebility; it is related to the chemical activation energy the
to the Laplacian character of the model. This feature igcation needs to stick to the aggregate.
analogous to recent reporf45] that for a class of model Of the two parameters of MBDLA, the bigs and the
discretized equations in which there exists a conserved custicking probabilitys, only p is independent for the experi-
rent, anomalous scaling with nonuniversal exponents ignental descriptions being simply proportional to if13].
present during a transient regime in which the surface growtfhis remark notwithstanding, in this work we will consider
is unstable. Here we find an analogous phenomenon for both p ands as independent parameters, for our goal is to
realistic modelwithout conserved currents which belongs to make a general analysis of the model behavior beyond the
the KPZ universality class. Actually, our findings are remi- experimentally motivated values. As seen in what follows,
niscent of a discrete nonconserved erosion motié] also  this will help to obtain a coherent, complete picture of
displaying an initial instability followed by asymptotic KPZ MBDLA properties. Thuss takes values between 0 and 1,
scaling. The crucial difference is that the model[i6] is andp ranges from 0 to 0.25. Finally, let us note that MB-
described by the noisy Kuramoto-Sivashinsky equation, asbLA produces, in general, a noncompact aggregate that can
ymptotically equivalent to KPZ in £ 1 dimensiong7], and, have voids and overhangs. Large valuep gfroduce nearly
as KPZ itself,free of anomalous scaling. ballistic trajectories, while smaller values drive the particles
The algorithm that defines MBDLA begins with a number in a Brownian motion fashion. In two limits, the behavior
of random walkergcationg randomly distributed with con- of MBDLA approaches other relevant models: ballistic depo-
centrationc on a two-dimensional square lattice with peri- sition (for p=0.25, well known to belong to the KPZ uni-
odic boundary conditions. The lower side of the lattice isversality class andot to display anomalous scalifg], and
chosen to be the cathode. The initial condition evolves irmultiparticle diffusion limited aggregatiofMDLA) (for
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using the exponent values in Table I, with-0.75 ands=0.25.
FIG. 2. Collapsed power spectrum within the unstable transienParameters other thamare as in Fig. 1. Thick lines have slopes
using the same parameters as in Fig. 1. The inset shows the tingdven by the exponents quoted in Table I. All magnitudes are mea-
evolution of the power spectrum every®1ime units. Thick lines  sured in arbitrary units.

have slopes given by the exponents quoted in Table I. All magni- . . . .
tudes are measured in arbitrary units. showing that there is no anomalous scaling in the asymptotic

state. Measurements of the mean excess velo¢ity) of an
interface subject to an average ti, imposed through heli-

FE 0), the paradigmatic model of unstable Laplacian grOWthcal boundary conditions, confirfl9] the relevance of the

To begin the summary of our results, we will describe theKPZ nonlinearity in the effective description of our system.

h | forn=0.05 and arbi Physicall Once established that the long time scaling behavior of the
phenomenology forp=0.05 and arbitrarys. Physically,  jnertace is of the KPZ type, we focus on the unstable tran-

p=0.05 represents not too small applied electric fields, surgjent regime, characterized by two main features, namely, a
face diffusion being negligible, so that MBDLA provides a |5rge g value (hence very rapid growjrandintrinsic anoma-
good de;ﬁ{;ptrl]ondOf ECD. WehW|||f|51|}efd'Sg_JSS IhOW changegoys scaling caused by a nonstandard form of the power
in p modify the description that follows. Simulations were —/h Re_
performed in &L =300 by 1500 lattice, although other values Zplfitrirz _olll‘zéhehsur:aféhi(k:[t) <h(.l|: ’t)hl( Fk’t);’ Whelret
of L were also considere@ee beloyw. The dynamics of the (k1) [ h(x.0) L(t) Jexp(kx). In 9. 2 we plo

X ) i : the collapse of the power spectrusfk,t) within the un-
model is conveniently characterized by the global width, Eq'stable transient, where the inset sha®(&.t) as function of
(1). We are interested in the dynamics of the active Zdnge Kk for every 16 t’ime units. S(k,t) display’s a behavior con-
hence we define the variablgx,t) to be the height of the iciant with the scaling form '
topmost particle belonging to the cluster for each column. As
mentioned above, for times before saturation due to finite S(k,t) =k~ et Dg(ktl?), (49
system size t<L?, the width is expected to scale as

W(L,t)~tA. In our case, we find that, along the time evolu- where
tion, B takes up to three different values for large enough u2? if u>1,
systems; see Fig. 1. At early times, shot noise dominates the s(u)= W2etl i gl (4b)

growth, thusB~0.5 as in a random deposition process. As

time proceeds, the Laplacian character of the model showghe exponent= a— a;,. measures the difference between
up, favoring the unstable development of pillars, which inthe global roughness exponeatand the local roughness
turn leave deep grooves behind. This instability is reflecteexponent ;... The exponents arex~2.15, a;,.~0.5,

in the large value of the growth exponef8~0.59-0.73 30,73, andz~2.95 (all exponent values given are to
increasing with sticking probabiliti¢sAs local slopes of pil-  \yithin an accuracy less than 5%t has been shown in Ref.
lars (or grooves become larger, they seem to trigger further[10] that a structure factor such as Hd) implies intrinsic
nonlinear effects, whose consequence is the stabilization gfnomalous scaling for the local width. The slopes of the

the surface dynamics. Thus, fe=0.5 we measure in this collapsed curves yield exponents consistent with the ones
regime B~0.25, a value close to that of the Edwards-

Wilkinson universality clas$18]. For smaller values of the
sticking probability, s<0.5, we measure8~0.33, the

TABLE |. Summary of relevant exponents as measured with
S(k,t) andw(l,t) within the unstable transient, fgr=0.05,s=1,

growth exponent characteristic of the KPZ universality class®= 01

Actually simulations for larger system sizds=512, 1024

yield B~0.33 before saturation for almost all values of A “ o z
Hence, the asymptotic behavior of the model is described by.00 0.73 2.15 0.50 2.95
KPZ scaling. This also shows the role ®fs a noise reduc- (.75 0.67 2.04 0.49 3.03
tion parametef17], large noise reductions(~0) tuning the ¢.50 0.67 1.92 0.54 2.87
system closer to the asymptotic scaling regime. The value of o5 0.59 1.73 0.50 2.94

the roughness exponents atg,.~a~0.5 in all cases,
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used to achieve the best collapse. Collapses of structure faehen probing short length scales we obtaip.~0.5 (see
tor data obtained for differerst values yield similar qualita- Table ), a value numerically close both to the KPZ exponent
tive results, as shown in Fig. 3, and the exponent valuegnd to the exponent resulting from the convolution of the
summarized in Table I. All the exponent valu@xcept no- Heaviside function with the interfad@1] [through our defi-
tably a;,., see alsd6,9,10) depend strongly on model pa- nition of the height variablé(x,t)]. At any rate, intrinsic

rameters, and we consider them as nonuniversal effectiv@nomalous scaling seems to be strongly associated in our
values. case with the nonlocality of the evolution rules of the model

To provide a general description of our model, we havewhich produces the unstable structures of the interface.

studiedbias values different fromp=0.05. For example, for 10 date, anomalous scaling has been mostly observed in
p=0.005 and large values of the sticking probabikitywe theoretical models, hence the interest of our results: as
have observed DLA like patterns as expecf&d]. Conse- MBDLA is a correct. descrlp_tlon of EC[D.M]’ our fmdmgs
guently the unstable regime lasts longer than in the casdiuld be qbserveq In thfi.t.k'nd _of.experlment. Interestmgly,
studied above. The same is observed for larger valussabf MB,DLA displays 'nStab'“t'eS S.'m"ar. to those repo.rted n
low p values. Moreover, decreasitigcreasing the ion con- various ECD experlmen(Q_O], reinforcing the connection of
centrationc increases(decreasesthe duration of the un- the model to actual physical systems. Moreover, anomalous

stable growth, in accordance with the fact thatas0 pure SCEL“B%_”S&%’ explatln d f[he W'de Esgr[()aad n the Vallfs
DLA is recovered. Hence, we can tune the two parameterg;;Y "~ 9 ). retﬂor edin vanom;s elxperlm(alﬁm].thsf i
and the concentration to reproduce different experimental pesown in[9], in the presence of anomalous scaling, the fac

haviors, because changes in the parameters alter the relati%at all length scales saturate at the sagiebal saturation

.z o e :
duration of the different scaling regions in the dynamics ofiMe tsa-L” poses additional d|ﬁ|cult!es to the gyaluatlt_)n of
exponents by means of the local width. Specifically, if not

the system. However, the asymptotic KPZ scaling still holds X
at long enough times. performed at global saturation, the roughness exponent thus

In summary, we have shown the existence of intrinsicObtained is an effective value different from bot#,and
X ajoc- Research on extensions of the model to more experi-

anomalous scaling for a realistic model, MBDLA, without ; . )
conserved currents and hence in the KPZ universality clasnental parameters is under way, the influence of surface dif-

Anomalous scaling appears within a time region of variabld!Sion being the center of our future work.
duration(depending on parameter valyjiés which the sur-
face evolves in an unstable fashion. This type of scaling is
due to a nonstandard form of the power spectrum and fea- We are indebted to Enrique Diez for his participation in
tures nonuniversdparameter dependgnalues of the effec- the early stages of this work. We thank Miguel Angel Rod-
tive exponents. We interpret anomalous scaling to be assoaitguez, Miguel Angel Rubio, Javier Buceta, and Ricardo
ated with the unstable structures developing in the modeBrito for helpful comments. Work at GISC has been sup-
dynamics. Thus, for large length scales we measurel, ported by CICyT (Spain Grant No. MAT95-0325 and
associated with the steep slopes of pillars. On the other han®GES (Spain Grant No. PB96-0119.
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