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Formation of Au fractal nanoclusters during pulsed laser deposition on highly oriented pyrolitic
graphite
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The topography of the Au submonolayer condensate formed by pulsed laser deposition~PLD! on pyrolitic
graphite surface has been studied by scanning-tunneling microscopy~STM!. PLD technique is characterized by
an extremely high instantaneous deposition rate~up to 1022 atoms cm22s21). The formation of Au fractal
nanoclusters withD51.3360.08 was observed with STM. The mechanism driving the formation of fractal
nanoclusters on the surface at high deposition rate is suggested to be the result of the interacting-adatom
initial-states evolution in the system far from thermodynamic equilibrium. The geometrical structure of the
forming nanoclusters depends critically on the rate at which atoms arrive at the surface as well as on its lattice
symmetry.
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The concept of fractal geometry has got much attention
different fields of modern physics.1,2 The nucleation of the
new phase is one of the processes where fractal nature o
object often manifests itself. The formation of fractal cluste
of ~sub! micron size on the surface during submonolay
deposition utilizing the thermal-evaporation process~weakly
nonequilibrium conditions! has been extensively studied~see
Ref. 2 and references therein!. This points at the specific
mechanism of the solid-phase nucleation. The existing m
els describing the growth of fractal clusters at this scale s
as diffusion-limited aggregation,3 cluster-cluster
aggregation,4 Eden ballistic model5 assume the presence
the spherical ‘‘nucleus’’ on which the dendritic structur
usually a microns in size, grows at the later stages.

The possibility of the formation of fractal metallic struc
tures at the nanometer scale~the initial stage of nucleation!
on the surface at the extremely high deposition rate was
gested in the work6 while describing the peculiarities of Au
nucleation on NaCl~100! during pulsed laser depositio
~PLD!. Until now, there is no full understanding of the ro
that highly nonequilibrium conditions play in the formatio
of fracatal clusters as well as of the link between the frac
dimension and the physics of the process. In this paper,
present the results of an experimental study on A
nanocluster topography on a highly oriented pyrolitic grap
ite ~HOPG! surface formed during the PLD process. W
present experimental evidence that Au clusters of nanom
scale (;5 nm in size!, nucleated on HOPG surface und
highly nonequilibrium conditions, have fractal structure. W
propose the mechanism driving the growth of fractal meta
nanoclusters under highly nonequilibrium thermodynam
conditions as a result of the formation of so-called connec
Julia sets, which are known to have fractal boundaries.7 The
formation of fractal nanoclusters is believed to be the re
of the evolution in the system of deposited atoms at the t
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scale when the information about the initial states of
system is not completely lost. At this time scale the discr
character of the atom’s motion on the surface becomes
portant. Under these conditions the theory of discrete tra
formations of the complex plane in itself can be used, wh
gives rise to the emergence of fractal objects that are ca
Julia sets.8 The proposed mechanism allows to descr
qualitatively the observed pattern of the fractal clusters a
to evaluate its dimension. The important feature of the p
posed mechanism is that the fractal topography should v
ish upon increasing the surface coverage. It appears tha
shape and the dimension of clusters is determined by the
at which atoms are arriving at the surface and by the sy
metry of the substrate surface.

The clusters were formed by the PLD of Au on a fresh
prepared HOPG surface at room temperature in ultrah
vacuum ~UHV! conditions at the base pressureP'5
310210 Torr. The surface quality prior to deposition wa
monitoredin situ by Auger electron spectroscopy. The irr
diation of YAG:Nd laser (l51.06 mm) with the energyE
580–200 mJ operating in theQ-switched regime (t
515 ns) with the repetition rate 25 Hz was focused on
Au target at the laser power densityP'109 W cm22. The
number of Au atoms deposited on the HOPG substrate in
pulse lasting tp'1026 s was varied in the range
1013–1015 atoms cm22 ~corresponding to the instantaneo
deposition ratej PLD51019–1021 atoms cm22s21). The total
amount of the deposited Au atoms for the fixed geometry
laser output energy was measured by Rutherfo
backscattering spectroscopy~RBS! at EHe52 MeV. For
comparison, thermally evaporated~TE! Au/HOPG samples
at a similar Au coverage were also prepared. The deposi
rate for TE wasj TE'1014 atoms cm22 s21. The prepared
Au/HOPG samples were investigatedex situwith scanning-
©2002 The American Physical Society06-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 073406
tunneling microscopy~STM! using Omicron UHV AFM/
STM LF1 micropscope. In principle, STM of Au/HOPG
does not require an UHV environment and can be perform
in ambient air. However, extreme stability of the employ
instrument allows the recording of the topography in t
constant-current mode at the slow scan rate (;0.5 line/s),
which enables to analyze the shape of Au clusters dow
atomic resolution. The Pt0.8Ir0.2 cut wire tips were employed
The tunneling current was;0.8 nA, the gap voltage
;2 –4 mV.

A STM image of Au clusters formed on HOPG after o
laser pulse is shown in Fig. 1. According to RBS, this
sulted in the deposition ofnAu

PLD'1.331014 atoms cm22.
The presented images were obtained by ‘‘cutting’’ the
corded scans at the level of 0.9 Å , relative to the graphite
surface. On the HOPG surface, the adsorbed Au atoms
cupy the sites in the center of carbon hexagons,9 therefore,
the number of adsorption sitesn0 on HOPG is n0.5
31014 cm22. Thus, the surface coverageu was equal tou
5nAu

PLD/n0'0.25. The topography of the deposit was an
lyzed using the well-known ‘‘lake pattern’’ algorithm,10

where the relationship between two variables of the se
two-dimensional ~2D! clusters—the areaS vs perimeter
p—is evaluated. IfS;pn in double logarithmic scale is plot
ted, the straight line with the slopen52 (S;p2) corre-
sponds to the smooth nonfractal boundary, whilen,2 indi-
cates the fractal structure of the boundary. The result of s
analysis for PLD Au clusters is shown in Fig. 2. The valu
for individual clusters are fitted with the straight line with th
slopen51.560.1 corresponding to the fractal dimensionD
52/n51.3360.08.

For comparison, the similar scan for thermally evapora
Au/HOPG in the amount ofnAu

TE'531014 atoms cm22 is
shown in Fig. 3. Although the atomic coverage is seve
times higher, the image exhibits smaller number of clust
which are essentially 3D. The number of clusters on the s
is too few to make statistic analysis, therefore, the set
different scans was used and ‘‘manual’’ evaluation ofS vs p

FIG. 1. STM image of Au nanoclusters formed on HOPG af
one laser pulse (nAu.1.331014 atoms cm22). Scan area is 100
3100 nm.
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for sufficiently large number of clusters was performe
There is no surprise that for Au clusters formed on HOPG
the thermal-evaporation process, the linear fit points at
slope n'1.9560.05, which corresponds to the nonfract
shape of clusters.

The main difference between PLD and TE with respec
the nucleation process is believed to be the rate at wh
atoms are arriving at the surface during deposition and nu
ation of the condensed phase. For TE at the typical dep
tion rate j TE'1014 atoms cm22 s21 the adatom during its
lifetime on the surfacetad'1024 s @tad5t0 exp(«/kT), t0
'10213 s, «'0.6 eV, T5300 K] can make somem
5tad /t1;105 elementary jumps@t1'a2/D.3310210 s
is the time of elementary jump,a.5 Å is the lattice pa-
rameter,D'131025 cm2 s21 is the surface diffusion coef
ficient of metal adatom on HOPG at RT~Ref. 11!#. As the
concentration of adatomsnad5 j tad reaches the valuenad
>nsat (nsat is the surface concentration of adatoms in t
saturated two-dimensional gas!, the condensate is forming
The described mechanism of the new phase nucleation
resents the classical Volmer-Weber-Zel’dovich model.12 As
was mentioned above, PLD is characterized by a very h
~instantaneous! deposition rate (j PLD/ j TE.107). The relax-
ation of adatoms’ system at such deposition rate is set by
initial conditions and occurs through the motion of each p
ticle to the state defined by the minimum of energy~the
motion towards the attractor!. The formation of the attracto

r

FIG. 2. The result of fractal analysis of pulsed-laser-depos
2D Au clusters on HOPG~see Fig. 1!. The slope of the straight line
n'1.560.1 corresponds to the fractal dimensionD52/n'1.33
60.08.

FIG. 3. STM image of Au clusters on HOPG formed by therm
evaporation (nAu.531014 atoms cm22). Scan area is 100
3100 nm.
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BRIEF REPORTS PHYSICAL REVIEW B 65 073406
occurs at the critical coverageuc.nc /n0, which is achieved
at the timetc5nc / j PLD and corresponds to the average d
tance between adatomsr .nc

21/2. It results in the motion of
adatoms towards the attractor from the area affected by
attractor. The size of this zoned depends on the interactio
of adatoms and can be estimated in the mean-field appr
mation as the size of 1–2 coordination spheres,d.(2 –4)r .
The motion of adatoms towards the attractor, meaning
formation of the cluster, takes the timetm.d2/4D. This pro-
cess is maintained if during the timetc the arrival of the new
portion of atoms at the same area is provided, i.e., iftm
>tc . Otherwise, the concentration of adatoms in the zone
the attractor falls lower thanuc and the process ceases. T
critical coverage can be estimated from the equilibrium c
dition tm5tc : uc.( j PLD/D)1/2/n0.0.02, which corre-
sponds to the time of the cluster formationtm.1028 s and
the size of the attractor zone,d.40–120 Å . It means tha
atoms make some ten elementary jumps before reaching
attractor.

For quantitative description of the proposed mechan
of cluster formation let us consider an equation for the p
ticle’s motion in the mean-field approximation,

rẆ52G
]U

]rW
, ~1!

where rW is the radius vector of the particle,G.D/T is the
mobility, U is the potential energy of the particle.U5U1

1U2, whereU1(n,urWu) is the energy of the self-consiste
field of all particles, which is defined by the number of ne
est neighbors~NN! andU2 is the energy of crystalline field
representing the symmetry of the crystalline lattice on
surface. At the time scalet>t1 the atom motion on the
surface is stepwise, therefore, in Eq.~1! one should go over
into the discrete representation. Then, it takes the form

rWk115rWk2t1G
]U~rWk!

]rWk

. ~2!

The self-consistent field of deposited atomsU1, which af-

fects the given atom can be represented asU15Z f(rWk2rW̄),
whereZ is the number of NN for this atom,f is the energy of

atoms pair interaction,rW̄ is the average distance between ad
toms. Taking into account the surface symmetry about
rotation for the angle 2p/q,13 Eq. ~2! in the complex repre-
sentation can be reduced to the form

zk115Azk1B~zk* !q21,

A512t1G~un0!21/2
]U1

]uzu
u(un0)21/2, ~3!

where B is the constant expressing the binding energy
atom with the substrate. Expression~3! is the reflection of
the complex plane in itself. It is known7 that the images of
this kind of reflections are fractal, the boundaries of su
areas are the so-called Julia sets. At certain conditions on
surface (u, T, q) atoms that find themselves in the ar
07340
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that is limited by the Julia set will move towards attracto
thus forming a cluster. Atoms that are out of this area w
move away from the attractor. In other words, the energ
regions described by Julia sets emerge on the surface an
behavior of each adatom is described by its initial conditio
This corresponds to the initial stages of the evolution of
nonequilibrium system’s strongly correlated states. It is i
portant to note that such energetic areas are true~mathemati-
cal! fractals, which are self-similar at any scale. The mo
assumes that the structure of the real cluster should, to s
extent, reproduce the fractal structure of Julia set. Howe
due to the finite size of the atom such an object cannot b
true mathematical fractal.

Let us assume now that the dimension of the phys
cluster is the same as that of the ‘‘parent’’ Julia set (DJ). The
calculation of the fractal dimension of the Julia set for t
reflection of the form~3! was performed numerically usin
the renormalization Schroeder equation.7 The dimensionDJ
versus coverageu plot shown in Fig. 4 is calculated with th
following parameters: the energy of interaction of Au atom
with each other«Au-Au50.3 eV and with the substrat
«Au-C50.4 eV, T5300 K, andq53, which corresponds to
the Au/HOPG system. At low coverageDJ,1, i.e., the Julia
set is not connected. It means that at suchu, under high
deposition rate, the aggregation of adatoms on the sur
does not occur. The dimensionDJ increases with the cover
age achievingD51.54 atu'0.35 and the structure of th
forming clusters is defined by the structure of the emerg
energetic areas of the corresponding dimension. Furthe
crease of the coverageu results in the decrease of the fract
dimensionDJ . The sequence of Julia sets for several valu
of parameteru is shown in Fig. 5. One can see that as t
coverage is increasing, the boundaries of the energetic z
~Julia sets! are becoming more smooth. STM images of e
perimentally observed Au clusters on HOPG are also sho
in Fig. 5.

Unfortunately, the experimental verification of the pr
dicted evolution of the clusters fractal structure as a funct
of the surface coverage is difficult to perform for the A
HOPG system. Though 2D growth mode of Au clusters

FIG. 4. The fractal dimensionDJ of the calculated energetic
areas on HOPG surface as a function of the surface coverage b
atoms,u ~see the text!.
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HOPG during PLD is an advantage while investigating th
geometric structure of clusters by STM, it turns to be a draw
back as soon as individual clusters begin to coagulate on t
surface and consequently the topological analysis of isolat

FIG. 5. The sequence of filled Julia sets for different coverag
values:~a! u50.1, DJ50.54, ~b! u50.15, DJ51.06, ~c! u50.2,
DJ51.24, ~d! u50.3, DJ51.43, ~e! u50.35, DJ51.54, and~f! u
50.8, DJ51.01 compared to STM images of real Au clusters o
HOPG @scan area is~g! 20316 nm, ~h! 1038 nm, and ~i! 9
37 nm#.
u

.
tt
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clusters becomes impossible to perform. Nevertheless,
analysis of the experimental samples for four and ten la
pulses corresponding to the total amount of deposited m
n454.731014 atoms cm22 and n1051.7531014 atoms
cm22, respectively, showed that clusters formed in the
conditions also have a fractal structure with the dimens
D451.3560.05 and D1051.4260.05. Although the pre-
sented model does not predict the evolution of cluster st
tures upon further deposition (N.1), these results corrobo
rate the general character of the observed phenomenon

In conclusion, unlike the thermal-evaporation process,
nanoclusters with fractal structure are forming as a resul
PLD of Au onto the HOPG surface as revealed with ST
The formation of fractal nanoclusters on the surface at h
deposition rate is suggested to be the result of evolution
the interacting-adatom initial states in highly nonequilibriu
system. The proposed model claims that the fractal struc
of the forming nanoclusters depends critically on the rate
which atoms arrive at the surface as well as on its lat
symmetry and vanishes while the size of the clusters
creases.
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