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Diffusion-limited aggregation of Ag on Pt(111) and Ag(111) has been studied by scanning tunneling

microscopy.
of deposition temperature and deposition flux.

In both metal-on-metal systems fractal growth shapes are found in an extended range
In contrast to classic hit-and-stick diffusion-limited

aggregation simulations the average branch width of the ramified aggregates is not monatomic and
increases with increasing deposition temperature, which is attributed to an active edge diffusion. From
a quantitative analysis of the exponential variation of the branch width with temperature we determine

the diffusion constants for edge diffusion.

PACS numbers: 68.55.Jk, 61.16.Ch, 61.43.Hv, 68.70.+w

A rich variety of dendritic and randomly ramified (frac-
tal) structures are observed in physical, chemical, or
biological systems [1]. They often result from aggrega-
tion under highly nonequilibrium conditions with mate-
rial transport via diffusion being the growth-determining
process. The models used to describe these processes
have aimed at reproducing the growth patterns following
essentially two approaches: the surface tension approach
of dendritic growth [2] and the diffusion-limited aggrega-
tion (DLA) model [3,4]. In the first approach, dendritic
patterns appear as a result of competition between the
nonlocal diffusion field, which amplifies the growth at ag-
gregate sites having the steepest gradient of supply-atom
concentration, and the surface tension, favoring flat inter-
faces. In the DLA computer model clusters are formed
as particles diffusing randomly on a 2D lattice stick irre-
versibly to the perimeter of the growing aggregate. DLA
clusters are quite different from dendrites; they are irregu-
lar, randomly branched aggregates with no preferred axes.
Despite a considerable theoretical effort [5,6], the rela-
tionship between ordered interfacial patterns and fractal
DLA aggregates is not well established. In a recent ex-
perimental study of diffusion-limited Ag aggregation on
a Pt(111) surface at low temperatures, we have demon-
strated that the link between the two approaches is the
finite edge diffusion at the perimeter of the aggregate [7].

The most stringent condition of classic DLA simula-
tions is that once an adatom is attached to the growing
cluster, it is trapped immediately with no further diffu-
sion. For the growth of 2D metal clusters, however, this
does not hold in general, even at low temperatures. For
Ag aggregation on Pt(111), edge diffusion was found to
be active down to at least 60 K [7]. On fcc (111) sur-
faces, edge diffusion barriers are often found to be ori-
entation dependent (there are two types of close-packed
steps with microscopically different structure) [7,8]. The
anisotropy in the speed of migration along the two edges
might give rise to anisotropic growth patterns. Such den-
dritic patterns are indeed formed by Ag on Pt(111) in the
temperature range 110-130 K for high growth speeds. A
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transition to randomly ramified fractal growth is observed
upon lowering the deposition flux [7]. In general, if edge
diffusion is anisotropic, dendrites result if the growth rate
is higher than that of the slower edge diffusion. With in-
creasing substrate temperature, the exponentially increas-
ing rate of edge diffusion rapidly dominates the growth
speed, and randomly ramified fractals result.

In the present Letter we report on the first detailed ex-
perimental study of diffusion-limited aggregation with ac-
tive edge diffusion in the noise dominated random growth
regime. For Ag aggregation on the (111) surfaces of Pt
and Ag, randomly ramified islands are found to grow
in extended temperature regimes. The characteristic pa-
rameter describing the growth of these fat fractals is the
average branch width, which is found to increase expo-
nentially with deposition temperature. From a quantita-
tive analysis of the temperature dependence of the branch
width, we determine edge diffusion constants.

The experiments were performed with a variable-
temperature scanning tunneling microscope (STM)
mounted in UHV, which operates in the temperature
range 25 to 800 K [9,10]. The Pt(111) crystal has
been cleaned by repeated cycles of Ar ion bombard-
ment (750 eV) at 800 K and subsequent annealing at
1200 K. The Ag(111) surface was prepared by epitaxial
growth of a 40 monolayer (ML) thick Ag film on the
Pt(111) surface [11]. The Ag aggregates were grown
by vapor-phase epitaxy with a molecular beam epitaxy
Knudsen cell at a background pressure better than
2 X 107! mbar. The STM images were measured in
constant current mode with tunneling currents 7 = 1.0
to 3.0 nA at sample voltages U = —0.5 to —1.5 V. All
images shown here were recorded in differential mode,
which means that the derivatives of the lines of constant
tunnel current were recorded.

In Fig. 1 we show a series of STM images characteriz-
ing fractal Ag aggregates on Pt(111) grown at the temper-
atures indicated. The substantial increase of the average
branch width with increasing temperature is obvious. At
the lowest temperature, 110 K, large clusters (~3000 Ag
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FIG. 1. Fractal Ag aggregation on Pt(111) as a func-
tion of deposition temperature. The Ag coverage is
in (a)-(c) ® =01ML and in (d) ©® =04 ML, the
deposition flux is in (@) R =7 X 10°ML/s and in
(b)-(d) R =1.1X10"3ML/s. The STM images in
(a) and the insets in (b) and (c) have the same lateral
scale (the white ruler measures 100 A) revealing the
branch width broadening with increasing temperature.

atoms) with an open ramified structure aggregate on the
Pt(111) terraces. The branches of the clusters show no
preferred orientation, i.e., show no simple correlation with
the symmetry axes of the substrate. The branch thick-
ness (w = 2.5 = 1 atoms) is nearly constant over the
entire aggregate and is much smaller than its radius of
gyration. The appearance of the Ag aggregates at 110 K
is very similar to that of fractal aggregates simulated with
the DLA computer codes. A mass-length scaling analysis
does, indeed, determine the expected fractal DLA dimen-
sion [7]. At 300 K, the other extreme in the temperature
series, no homogeneous nucleation occurs on terraces as
wide as 2000 A. The mean free path A, of a diffusing Ag
adatom at this temperature is much larger than the average
step separation and Ag grows from the ascending steps.
Despite the step nucleation, the randomly ramified growth
shape of the Ag deposit remains clearly recognizable even
at the total coverage of ® = 0.4 ML. The average branch
width measured in Fig. 1(d) is w = 75 = 10 atoms. At
a coverage of ® = 0.1 ML, a factor of 4 lower than the
previous coverage, the average branch width is still found
to be w = 37 = 6 atoms [12], i.e., has decreased only by
a factor of 2. This nonlinear behavior of w(®) can be re-
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lated to the screening effect of fractal growth [4]. In addi-
tion, this also indicates that at higher temperatures, signif-
icant edge diffusion occurs, and the aggregate perimeter is
partially screened by the growing tips. In the intermedi-
ate temperature range Ag aggregates of fractal shape are
seen to nucleate simultaneously on terraces and at ascend-
ing steps. It is important to note that the branch width
of terrace islands and step fingers are found to be iden-
tical within the error margin. At temperatures of 160
and 220 K, at a total coverage of 0.1 ML, we measure
w = 8 * 2 and 16 = 3 atoms, respectively.

The aggregation behavior of Ag on the Ag(111) surface
is very similar. Fractal island shapes are found in
the temperature range between 80 and 160 K, with the
branch width increasing exponentially with deposition
temperature. In Fig. 2 we show an example of ramified
Ag islands grown at 150 K. The average sized cluster
contains about 1500 Ag atoms and its branch width
is measured to be w = 18 = 4 atoms. The decreased
temperature range of fractal island shapes of Ag/Ag(111)
with respect to Ag/Pt(111) is related to the lower edge
diffusion barrier (see below) and the lower kink energy of
the homoepitaxial system. Both factors favor the growth
of compact island shapes at higher temperatures, which
are energetically more favorable than fractals due to their
minimized island contour energy.

The growth of a fractal island is ultimately related to
the simple geometric effect that a small tip on an island
tends to become longer because incoming adatoms attach
preferentially to that tip [4]. In classic hit-and-stick DLA
simulations this screening effect is active from the very
beginning of the deposition process. In DLA with active
edge diffusion, however, tips develop only above a critical
island size. For aggregation of Ag on Pt(111) between
60 and 110 K, this critical size has been found to be the
heptamer [7,13]. Up to this size Ag clusters form compact
shapes; branching is observed only for larger clusters. It
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FIG. 2 Fractal Ag aggregates on Ag(l111) grown at 150 K
(® =0.1ML, R =1.1 X 107* ML/s).
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was suggested by Pimpinelli, Villain, and Wolf [14] that
this critical size for island branching is mainly controlled
by the diffusion constant D, for edge atoms.

Mobile atoms adsorbed at the island perimeter can mi-
grate along the step edge and either attach to an ex-
isting kink site or meet a second mobile edge atom
nucleating new kinks. The relative probability of these
events depends on the lateral size L of the step edge and
the impinging two-dimensional adatom flux I on the is-
land. If the average time 7, for a mobile edge atom
to “scan” the entire step length L is smaller than the
average time 7; = 1/I between two successive imping-
ing events, the island will grow in a compact shape. A
shape instability, i.e., the branching of the compact seed
cluster, occurs if nucleation events dominate the slow
edge diffusion and the step grows perpendicularly. There-
fore, the critical edge length L. beyond which the is-
land growth is unstable with respect to branching is given
by the condition 7, = 7;. Using the Einstein relation
L?> =D,r, [D, = %ve exp(—E,/kT) in atomic units], we
obtain the following criterion for the fractal shape insta-
bility: L. = (D./I)'/?. On a hexagonal lattice, to a good
approximation, the critical island size equals the average
branch width L. = w (see Fig. 3 in Ref. [7]). The in-
stability criterion was originally proposed by Pimpinelli
et al. in somewhat modified form [15] and has been sup-
ported recently by Monte Carlo simulations performed by
Bartelt and Evans [16].

The average branch width w(T) has been evaluated
from the STM images by measuring the total branch
length and dividing by the number of atoms deposited
on the corresponding area. For small widths, the STM
tip is found to image the branches about 6 A larger
than their actual size, which is consistent with the
usual “smearing” observed at monatomic steps of close-
packed metal surfaces [17]. The two-dimensional flux
I, which corresponds to the number of atoms arriving
at the perimeter of an aggregate, has been evaluated
as follows: every island has an “active” area AL (Ap
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FIG. 3. Arrhenius behavior of the average branch width w

(weighted with /T, with I being the impinging two-dimensional
adatom flux) of Ag fractals grown on Pt(111) (e) and on
Ag(111) (o), respectively. All data have been evaluated at
® =0.1MLand R = 1.1 X 1072 ML/s.

being the average migration distance of an adatom at a
given temperature) in which all arriving atoms will on
average perform their random walk towards the island.
This “active” area is given by the inverse saturation
island density, A7, = 1/n,. The impinging flux onto the
island perimeter is therefore I = R/n,, with R being
the deposition flux onto the substrate. Here we assume
that the sticking coefficient at the aggregate perimeter is
1, and that sticking is irreversible. For metal-on-metal
systems this is a good approximation at low temperatures,
but breaks down at higher temperatures where the two-
dimensional spreading pressure of the admetal becomes
non-negligible. For Ag on Pt(111), this transition from
kinetic to thermodynamic behavior has been determined
to occur above 350 K [9], i.e., well above the data range
for the analysis of the fractal island shapes.

Since above 150 K most islands nucleate at preexisting
substrate steps, no n, data are available for the tempera-
ture range 150-300 K. The flux 7 has therefore been
evaluated by the introduction of an active area of a sub-
strate step, defined as the product AcrAemp. Here, Agyi
is the largest substrate terrace width with no homoge-
neous nucleation, and /\Demp is a fit parameter, which was
determined to be 300 A in order to achieve correspon-
dence with an extrapolation of the values obtained in the
terrace nucleation regime. Since a finger growing from a
step collects about twice as many atoms per unit time than
an island tip, it follows that / =~ 2R[A.;(300 A)]"!. At
130 K this / value matches the one obtained by I = R/n,
within 10%.

In Fig. 3 we show the temperature variation of the mea-
sured w~/T = /D, values for Ag aggregation on Pt(111)
and Ag(111). Both data sets lie on a straight line in
the Arrhenius representation. This behavior allows one
to determine rather precisely the edge diffusion constants.
From the slope of the line that fits the STM data, sur-
prisingly low edge diffusion barriers E, are calculated:
125 = 10 meV for Ag/Pt(111) and 65 *= 10 meV for
Ag/Ag(111). The relative error is somewhat larger for
the homoepitaxial system due to the smaller accessible
temperature range. These barriers are “average” values
as in the fractal growth regime both microscopically dif-
ferent steps contribute to branching. In the heteroepitax-
ial as well as in the homoepitaxial system, the determined
step edge diffusion barriers are comparable with the ter-
race diffusion barriers Ep of 157 meV [Ag/Pt(111)] [13]
and 100 meV [Ag/Ag(111)] [18].

It has usually been argued in the literature that the re-
quirement for fractal island growth is Ep < E, [8,19],
a condition which appears to be violated for the present
metal-on-metal systems. This criterion, however, is valid
only if the attempt frequencies of terrace and edge dif-
fusion are comparable, i.e., vp = v., which cannot be
assumed a priori. Our data indicate indeed that the v, val-
ues are significantly lower than the preexponential factors
for terrace diffusion [vp =~ 10'3 Hz for Ag/Pt(111) [13]].
Using the empirical formula L, = w = 1.7(D,/I)'/? from

3219



VOLUME 74, NUMBER 16

PHYSICAL REVIEW LETTERS

17 APRIL 1995

the Monte Carlo simulations of Bartelt and Evans [16] we
can conclude that the proportionality constant is of the or-
der of 1 (in atomic units). Thus, from the intersection
of the two data sets with the ordinate the step edge pre-
exponetial factors v, of 1 X 1078*! and 1 x 107! Hz
are determined. These low diffusion prefactors are indica-
tive for an exchange type of diffusion involving concerted
motions [20,21]. Thus, the fractal growth of Ag aggre-
gates on the (111) surfaces of Pt and Ag is to first order
triggered by a slow step edge diffusion mechanism asso-
ciated with a low diffusion prefactor of the order D, =
4 X 10782 cm?/s. The correct criterion for fractal aggre-
gation in epitaxial metal growth (with typical deposition
rates) reads D, > D,. Thus, a large difference between
the lateral and step edge diffusion constants is required,
and is fulfilled in the present case due to the large differ-
ence in the preexponential factors of step and terrace diffu-
sion (probably concerted exchange versus single hopping
diffusion).

We want to comment finally on the growth of classic
hit-and-stick DLA fractals in fcc (111) metal epitaxy.
DLA fractals imply completely frozen edge diffusion and
a monatomic branch width w = 1. From extrapolation
of the Ag/Pt(111) data in Fig. 3, we would expect
to grow monatomic DLA aggregates at temperatures
below about 85 K. However, also at temperatures as low
as 60-80 K the Ag aggregates form compact clusters
up to the heptamer before branching is observed and
the branch width never becomes monatomic but stays
diatomic (see Figs. 3 in Refs. [7,13]). This incapacity
of classic DLA clusters to aggregate on fcc (111) metal
surfaces is related to local distortions of the adsorption
potential around the cluster edges [22,23]. This local
potential modification not only generates an “empty” zone
of adatoms surrounding a cluster but also guides the
adatoms approaching the cluster edge towards certain
adsorption sites. In the field-ion microscopy studies of Ir
attachment to Ir clusters on Ir(111) all adatoms have been
found to attach exclusively to twofold coordinated edge
sites omitting single coordination (see the “attachment”
maps, Figs. 2 and 3 in Refs. [22] and [23], respectively).
Because of selective sticking, branching is suppressed for
small clusters (n < 7) and the branch width is limited
to w = 2, the smallest width at which all atoms are
coordinated at least twofold.

In conclusion, we have studied experimentally the in-
fluence of an active edge diffusion on the DLA of metal
atoms on fcc (111) metal surfaces. The resulting far frac-
tals are characterized by their branch width w, which is
found to increase exponentially with growth temperature.
From a quantitative analysis of the temperature depen-
dence we have determined edge diffusion constants. We
have further provided evidence that classic hit-and-stick
DLA aggregates with monatomic width are unlikely to be
formed on fcc (111) surfaces due to local potential mod-
ifications at the cluster edges. Our study clearly demon-
strates the limitations of classic DLA in the simulation of
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the aggregation kinetics in metal epitaxy. Even a qualita-
tive kinetic modeling requires the detailed understanding
of the microscopic diffusion and sticking processes.
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FIG. 1. Fractal Ag aggregation on Pt(111) as a func-
tion of deposition temperature. The Ag coverage is
in (a)-(¢c) ®=01ML and in (d) © =04 ML, the
deposition flux is in (a) R =7x10°ML/s and in
(b)=(d) R =1.1x10"*ML/s. The STM images in
(a) and the insets in (b) and (c) have the same lateral
scale (the white ruler measures 100 A) revealing the
branch width broadening with increasing temperature.
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FIG. 2 Fractal Ag aggregates on Ag(l11) grown at 150 K
(@ = 0.1 ML, R = L.I X 1073 ML/s).



