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A theoretical study is made on He scattering from three basic classes of disordered adlayers:~a!
translationally random adsorbates,~b! disordered compact islands, and~c! fractal submonolayers.
The implications of the results to experimental studies of He scattering from disordered surfaces are
discussed, and a combined experimental-theoretical study is made for Ag submonolayers on
Pt~111!. Some of the main theoretical findings are:~1! The scattering intensities from the three
disorder classes differ significantly, and can be used to distinguish between them.~2! Structural
aspects of the calculated intensities from translationally random clusters were found to be strongly
correlated with those of individual clusters.~3! For fractal islands, just as for all surfaces considered
here, the off-specular intensity depends on the parameters of the He/Ag interaction, and does not
follow a universal power law as previously proposed in the literature. In the experimental-theoretical
study of Ag on Pt~111!, we use experimental He scattering data from low-coverage~single
adsorbate! systems to determine an empirical He/Ag–Pt potential of good quality. Then, we carry
out He scattering calculations for high coverage and compare with experiments for these systems.
The conclusion is that the actual experimental phase corresponds to small compact Ag clusters of
narrow size distribution, with partial translational disorder. ©1997 American Institute of Physics.
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I. INTRODUCTION

The properties of thin metal or semiconductor films
solid substrates are of major theoretical, experimental,
technological interest. The structure of these films influen
their physical and chemical properties, and these may b
central importance, for example, in the fabrication of ele
tronic devices. The shape of adlayers generally depend
the growth kinetics and the microscopic characteristics of
substrate. Thin films are typically produced by epitax
growth processes, wherein vapor atoms or clusters are de
ited on a substrate.1–8Once adsorbed, the adatoms diffuse
the substrate surface and, when reaching short mutual
tance, they can form stable nuclei, which subsequently g
to clusters or islands by attachment of further adato
Nucleation and growth are competing processes, which
pend on diffusion of adatoms, stability of the adsorbed cl
ters, and surface diffusion of these clusters. Therefore,
4228 J. Chem. Phys. 106 (10), 8 March 1997 0021-9606/97/
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film structures contain a wealth of information about micr
scopic growth processes, and adatom/substrate and ada
adatom interactions.

Experimental studies have shown that in addition to
dered adlayers, various disordered structures may form.
example, on adsorption of Ag on Pt~111! surfaces, at low
substrate temperatures and low deposition rates, isol
small clusters may form.2–5 Elevation of the surface tem
perature or lowering of the deposition rate can lead to
growth of fractal islands.2,3 At even higher temperatures, ran
domly distributed compact islands may form.2–5 Therefore,
thin films offer an exceptional opportunity for studying two
dimensional disordered systems. By investigating the re
tion between the structure of thin films and their grow
processes, valuable information can be obtained about
processes leading to the emergence of different kinds of
order. This, however, requires techniques for determining
disordered adlayer structure.
106(10)/4228/15/$10.00 © 1997 American Institute of Physics
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4229Yinnon et al.: He scattering from random adsorbates
Surface morphologies can be probed by scanning tun
ing microscopy~STM! or diffraction techniques, such a
thermal energy atom scattering~TEAS! and low-energy or
reflective high-energy electron diffraction~LEED or
RHEED!. Diffraction methods have the property that, in a
dition to being sensitive to local surface features, they
solve the global surface structure. Accordingly, they prov
a better average of the overall topography than direct im
ing techniques, such as STM. Moreover, diffraction read
allows for monitoring adlayer growthin situ and at various
temperatures and therefore can easily follow its tempo
evolution. For studying surface structure, a technique
great power is helium atom scattering. It is nondestruct
and He only probes the outer layer. Also, thermal He at
scattering is dominantly elastic. Moreover, since its wa
length is of the order of surface unit cells, it is very sensit
to the local adlayer structure. He atom scattering has succ
fully been employed in the study of ordered surfaces a
surfaces with isolated defects. However, relatively little
known as yet on the manifestations of different kinds of d
order in He scattering patterns. Two of the few experim
tally and theoretically studied disordered surfaces are th
of substitutionally disordered mixed Xe1Kr monolayers on
Pt~111!,9 and translationally disordered small Pt clusters
Pt~111!.10 It was found that attenuation of the specular pe
in He scattering from the surface due to the presence
adsorbates or other defects contains a wealth of informa
about adatom/adatom interactions, the clustering of adato
and two-dimensional~2D! versus three-dimensional~3D! ep-
itaxial growth.10 Also, non-Bragg maxima, e.g., Fraunhof
or rainbow maxima, appear for such systems. These max
contain information on the microstructure of islands and
sensitive to percolation transitions. Nonspecular Bragg pe
appear as well, which contain information on the corrugat
of the He/adlayer interaction.9 The study of randomly ad
sorbed rare-gas overlayers has the advantage that the
actions between the rare-gas atoms and He are well kno
In contrast, little is known about the interactions in a H
~metal adsorbate!/~metal substrate! system. So far, this ha
complicated the interpretation of features in the angular s
tering patterns, and has made identifying different kinds
disorder difficult.

In this paper, for the first time, to the best of our know
edge, a comparative He scattering study is undertaken am
three major classes of disorder: translationally random a
toms, translationally random compact islands, and frac
dendritic submonolayers. These classes are representati
a large proportion of the experimentally reported adla
structures at submonolayer coverage.11 It is thus of funda-
mental interest to understand the differences in their res
tive He scattering intensity distributions, and to investig
whether the type of disorder can be identified by a He s
tering experiment. In order to carry out this program reliab
we determined the interaction potential between He an
Pt~111! surface with an adsorbed Ag atom. From this w
have constructed what we hope is a realistic potential fu
tion for He interaction with adisorderedmetal submono-
layer. The choice of the Ag/Pt~111! system was motivated b
J. Chem. Phys., Vol. 106,
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the fact that the He/Pt~111! potential is rather smooth paralle
to the surface. Therefore the structures in the scattering
terns are mainly due to the Ag adsorbates. Moreover,
He/Pt~111! belongs to one of the few atom/surface syste
for which a fairly reliable empirical potential is available.

The outline of the paper is as follows: Sec. II describ
the experimental and theoretical methods employed,
states the assumptions made in the theoretical part of
work. Sec. III discusses the scattering from the different d
order classes. In Sec. III C we analyze the experimental s
tering data and suggest a morphological identification of
disordered phase present on the surface. Concluding rem
are presented in Sec. IV.

II. SYSTEMS AND METHODS

The adlayer structures studied here theoretically are:

~1! Full Ag monolayer.
~2! Single adsorbed Ag atom.
~3! Isolated small compact cluster~henceforth SCC!.
~4! Ag adatoms randomly adsorbed on a lattice.
~5! SCCs of Ag randomly adsorbed on a lattice.
~6! Ag adatoms completely randomly and continuously d

tributed ~Ag adatoms can be arbitrarily close!.
~7! Large compact Ag islands.
~8! Fractal islands of Ag atoms.

The structures~1! and ~2! are important as a reference
and for developing potentials. All other cases were chose
representing important types of disorder. In all cases,
adsorbates are on a Pt~111! surface. In the case of randoml
adsorbed Ag adatoms one would expect to observe sys
~4! and not the idealized system~6!. However, calculations
for the latter structure lead to additional insight into angu
scattering patterns.

A. Experimental methods

The experiments were performed in a high resolut
ultrahigh vacuum~UHV! helium scattering apparatus with
nominal base pressure,10210 mbar. The system is equippe
with a commercial Knudsen cell by means of which hi
purity ~99.999%! silver can be evaporated onto the Pt~111!
sample at a rate between 1021 and 1024 ML/s. The Pt~111!
sample was cleaned by repeated cycles of heating in an
gen atmosphere~1026 mbar! at 750 K, sputtering with 1 keV
Ar ions followed by short annealing at 1250 K. The samp
is mounted on a manipulator which allows the crystal to
rotated around its three principal axes. In addition, the to
anglex5u i1u f of the incident and outgoing He beam ca
be varied between 60° and 120° by rotating the detector.
means of a liquid helium cryostat the sample can be coo
to 20 K and by concomitant heating by electron bomba
ment the surface temperature can be set and held consta
any value between 20 and 1250 K.

The experiments reported here~e.g., Fig. 1! involve two
different modes of operation of the He scattering appara
In the first mode, the specularly scattered He intensity
recorded during the deposition of silver at a constant ra
No. 10, 8 March 1997
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4230 Yinnon et al.: He scattering from random adsorbates
From the initial slope~extrapolated towards silver coverag
U→0! the scattering cross section of the Ag nuclei initia
formed on the surface are obtained. From a detailed ana
of the shape of the deposition curves, we can infer that at
temperature of 38 K at which the data in Fig. 1 were tak
these initial Ag nuclei are individual Ag atoms random
distributed on the Pt~111! surface. The initial slope of the
He-intensity curve, therefore, directly yields the He cro
section ((kz) @as defined by Eq.~6! below#, where
kz5k cos~ui! is determined by the wave vectork of the in-
cident He beam, related to its energy byE5\2k2/(2m). The
terms u i5u f ~specular scattering! denote the incident and
outgoing angle of the He beam measured against the su
normal. To measure the dependence of the cross-sectioS
on kz , either the total scattering anglex5u i1u f or the en-
ergy of the incident He beam has to be varied. We h
chosen the second option which, in practice, we achieve
varying the nozzle temperature from liquid nitrogen tempe
ture to above room temperature at constant total scatte
angle x590°. This temperature variation corresponds to
change of the energyE from 18 to 90 meV, i.e., from
kz54.15 to 9.28 Å21.

The second type of experiment is the analysis of diffr
tion profiles as shown, e.g., in Fig. 8. Here, the He intens
is recorded as a function of theparallel wave vector transfer
DK . In the present case, the incident and outgoing beam
in the same plane as the surface normal~in plane scattering!
andDK5k~sinuf2sinui!. The azimuthal orientation of the

FIG. 1. A comparison between experimental and theoretical cross sec
for He scattered from an isolated Ag atom adsorbed on a Pt~111! surface.
The experimental values were determined from adsorption curvesI ~U! @Eq.
~6!# recorded at 38 K and extrapolated toU→0. A fit ~solid line! of the
theoretical cross sections was used to derive the potential used in this w
J. Chem. Phys., Vol. 106,
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scattering plane relative to the surface crystallographic dir
tions can be varied by rotating the crystal around its surf
normal. In Fig. 8 the surface was oriented along the@112̄#
direction~i.e., the direction along which the first order Brag
peaks of the hexagonal substrate lattice are expected!.

Our scattering apparatus is equipped with a time-
flight ~TOF! spectrometer allowing to separate the elas
from the inelastically scattered He intensity by counting on
those He atoms within a narrow energy window of about
meV centered around the incident beam energy. In this w
even the very small elastic signals away from the Bra
peaks can be discriminated. As shown in the next sectio
these elastic features provide important information on
surface morphology.

All the experiments reported here were conducted atlow
temperatures,T538 K. As already mentioned, this ensur
that small silver clusters are formed as a consequence o
limited mobility of the Ag adatoms on the Pt~111! surface.
Although similar in size and distribution, these low
temperature structures should not be confused with those
tained after depositing or annealing Ag athigh surface tem-
perature,T>620 K.2–4 At these elevated temperatures, t
Ag atoms are embedded into the topmost Pt~111! layer form-
ing small, stable clusters as a consequence of the sur
strain.4,12 Instead, the low-temperature structures presen
here are diffusion limited aggregates composed of Ag ato
adsorbedon topof the Pt~111! surface. A detailed account o
the difference of these two configurations will be given in
forthcoming paper.13

B. Theoretical methods

In modeling the substrate, we assumed a flat suppor
surface. Indeed, the He/Pt~111! equipotential surface is
rather smooth, leading to very little off-specular scatter
He.14 However, due to the lattice misfit of about 4% betwe
Ag and Pt,13,15 the assumption of a flat Pt~111! surface is
only a reasonable first approximation. In addition, in all
our calculations we assume the Ag/Pt~111! system to be
rigid. Note that experimentally the inelastic contribution c
be separated by a TOF spectrometer. As for elastic sca
ing, results of calculations using a rigid, nonvibrating surfa
system should be useful at least for studying the main qu
tative features. Moreover, for diffraction scattering fro
crystalline surfaces, the effect of surface vibrations on
scattering intensities can be represented approximately
simple Debye–Waller factor.16–18 A similar description
should be successful for the angular intensity distributio
obtained in scattering from an adlayer.

1. Kinetic Monte Carlo simulations of diffusion
limited aggregates

We outline here the methods used to simulate the co
pact and fractal Ag islands~systems 7 and 8, Figs. 6 and 7!.
There is an extensive literature on the modeling of adso
tion, diffusion, and aggregation processes on homogene
surfaces.19 To produce realistic arrangements of adatoms
the surface we adopted the kinetic Monte Carlo~KMC!
method.20 The Pt~111! surface was simulated as a hexagon

ns

rk.
No. 10, 8 March 1997
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4231Yinnon et al.: He scattering from random adsorbates
lattice of 1003100 unit cells with periodic boundary cond
tions. As for the lateral interaction between adsorbed p
ticles, the assumptions made are critical for the shape
size of the final clusters formed. We assumed that the in
actions between two adsorbates depend on the numbe
their nearest neighbors,nNN . Thus the energy of a particle i
a given configuration is

E~n!5E01nNNe, ~1!

whereE055.2 kcal/mol is the activation energy for diffusio
at zero coverage, ande55.0 kcal/mol is the nearest neighbo
interaction energy. No values were available for thee param-
eters for Ag on Pt~111!. Therefore, we adopted the value
given by Rosenfeldet al.5 for Pt adsorbed on Pt~111!. These
values, while not more than semiquantitatively valid, sho
at least allow for the formation of plausible aggregates.

The diffusion of adatoms was modeled by random wa
over nearest neighbor sites. The hopping rate, i.e., the t
sition probability per unit time, of a particle from sitei ,
where it hasni nearest neighbors, to a neighboring site w
nf nearest neighbors, is taken as

v i→ f5ne2E~ni !/~kT!5v0e
2nie/~kT!, ~2!

wherev05n exp@2E0/(kT)# is the hopping frequency of a
‘‘isolated’’ particle; t051/v0 is the average time interval be
tween successive moves on the bare~zero coverage! surface.
Since there is an uncertainty in our data regarding the va
of the activation energyE0 and the interaction energye, it
must be commented that there is a resulting uncertaint
the temperature scale: changingT at constantE(n) is
equivalent to changingE(n) at constantT. Note further that,
according to Eq.~2!, the transition rate depends only on th
initial state. A possible dynamical interpretation of th
model, originally suggested by Uebing and Gomer,21 is that
the rate of the transition from statei to statef is governed by
the energy difference between the initial state and the t
sition state. The same is of course true also for the rev
process~with the final state replacing the initial state!, so that
detailed balance is obeyed. We note that a situation whe
rate depends on the gap between any given initial state
the transition state holds widely for many activated rate p
cesses. Hopping diffusion involves overcoming a barrier
tween the initial and final configurations and therefore
model seems most reasonable here. The KMC simulat
were performed using the time-dependent Monte Ca
scheme.20 In this scheme, instead of randomly choosing p
ticles and accepting or rejecting moves according to
given transition probabilities~as in the ‘‘traditional’’ Monte
Carlo ~MC! simulations!, one performs a move in any a
tempt, and propagates the time accordingly. More explici
we first calculate the average transition rate^r &51/̂ v i→ f&
out of statei , then randomly sample a giveni→ f move with
probabilityv i→ f /(v i→ f and, finally, perform this move an
record the time elapsed asDt51/̂ r &. Further details abou
this procedure can be found elsewhere.19,20

The simulation starts with two particles diffusing on th
surface until a third particle adsorbs. This period is typica
0.05 s for simulating an adsorption rate of 1 ML/500 s, c
J. Chem. Phys., Vol. 106,
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responding to about 106 MC steps at room temperature. The
the three particles diffuse, a fourth one adsorbs, and so
until the desired coverage is obtained. The configurati
attained are not at equilibrium, but reach a steady state a
some time duration, when the adsorption is terminated.
true equilibrium state corresponds most probably to a se
gated phase, with one large compact island formed by all
adsorbates. Both the compact and the fractal clusters of F
6 and 7 were generated according to this procedure, diffe
only in the respective temperatures of 500 and 200 K.

2. He scattering calculations

The scattering intensities were calculated using the s
den approximation~SA!,18,22–25which has proved very use
ful in studies of atom scattering from defects26 and from
substitutionally disordered rare-gas monolayers.9 On the ba-
sis of the experience gained with the SA, including te
against numerically exact calculations for several mo
systems,27 we estimate that at least the main predictions
the SA calculations should be reliable for the systems stud
here.

The SA takes the following form for the system
studied below. Consider a particular~static! configuration
r5$r1,...,rN% of a disordered adlayer system consisting ofN
atoms withr i denoting the position of atomi . The angular
intensity distribution for He scattered from this adlayer i
volves an average overall configuration pertinent to
disorder23,24

I ~DK !5
1

A2 K U E E eiDK•Re2ihr~R!dRU2L . ~3!

In this expressionDK5K 82K is the wave vector transfer o
the He parallel to the surface, where~K ,kz! is the incident
wave vector, and~K 8,2kz! the final wave vector of the scat
tered He atom;R5(x,y) denotes the coordinates of the H
atom in the surface plane;A is the area of the surface ove
which the integration in Eq.~3! is performed;^...& denotes
the average over all configurations of the quantity in par
thesis;hr~R! denotes the phase shift for He scattering for
adlayer having a configurationr . The phase shift is given in
the WKB approximation by22

h r~R!5E
j~R!

`

dz~@kz
222mVr~R,z!/\2#1/22kz!

2kzj~R!, ~4!

wherem is the mass of the He atom andz denotes the dis-
tance of the He atom from the surface plane;Vr~R,z! is the
interaction potential between the He atom at position~R,z!.
j~R! in Eq. ~4! is the classical turning point for the He ato
when colliding with the surface at the lateral positionR, i.e.,
j~R! is thez value for which

~\kz!
222mVr~R,z!50 ~5!

3. The interaction potential

To determine the interaction of He atoms with th
Pt~111! surface with a single adsorbed Ag atom, we calc
No. 10, 8 March 1997
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4232 Yinnon et al.: He scattering from random adsorbates
lated the attenuation of the specular peak with incident
energy. This attenuation is closely related to the cross sec
of the adatom. The relation between the cross-sectionS and
the specular intensityI for scattering from randomisolated
adatoms is26,28

S5
1

I 0
lim

U→0

dI

dU
, ~6!

whereI 0 represents the specular scattering intensity from
clean Pt~111! surface,n is the number of sites per unit cel
andU the adatom coverage. The parameterS in Eq. ~6! can
be interpreted as the cross section of a single adatom. Ind
Eq. ~6! is only valid when the cross section of different a
oms can be viewed as nonoverlapping.S is very sensitive to
the interaction potential. Therefore, we tried to find a pot
tial that is capable of reproducing the experimentally o
served changes in the specular scattering. We assume
following general form for the interaction potential betwe
He and the Pt~111! surface with an adsorbed Ag atom:

VHe/Ag/Pt~111!5VHe/Pt~111!1VHe/Ag, ~7!

whereVHe/Pt~111! is the interaction potential of He with th
clean Pt~111! surface. A He–Pt Morse potential

V~z!5De@e
22a~z2zm!22e2a~z2zm!# ~8!

for this interaction29 is available in the literature, with
De57.86 meV52.8931024 a.u. and a50.98 Å2150.52
a.u.30 VHe/Ag is the interaction between He and an isolat
adsorbed Ag atom. We modeled this interaction with
Lennard-Jones potential, and changed its parameters unt
potential could reproduce the dependence of the experim
tal cross section on the incidence energy of the He at
This procedure also yielded the value ofzm511.46 a.u. in
the Morse potential. The high sensitivity of this fit to th
parameter values is the source of our confidence in the s
quantitative reliability of the potential.

For the interaction between He and multiple adsorb
Ag atoms, we assumed pairwise interactions for the He a
with the adsorbed Ag atoms, i.e.,VHe/Ag in Eq. ~7! is re-
placed bySıVHe/Ag(r i), where r i is the distance of the He
from thei th Ag atom. The pairwise additive potential for th
interaction with a collection of Ag atoms is expected in ge
eral to be no better than a first approximation. We estim
however, that it is sufficient in accuracy for our purpose he

III. RESULTS AND DISCUSSION

A. He interaction potential with Pt(111) and adsorbed
Ag

Specular scattering intensities were measured as a f
tion of He incidence wave number for asingleadsorbed Ag
atom. Using these values in Eq.~6! provided us with the
experimentally determined cross sections, shown in Fig
Experimental constraints detailed in Sec. II A limited t
range of incident He wave number values. Subsequently
attempted to fit the experimental cross-section data by fi
ing an optimal set ofC12 andC6 values for the He/~adsorbed
Ag atom! Lennard-Jones 6-12 potential
J. Chem. Phys., Vol. 106,
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VHe/Ag5
C12

r 12
2
C6

r 6
~9!

with which the specular intensities were calculated from E
~6!. By adopting this trial and error approach, we found th
the experimental values are best reproduced with the foll
ing Lennard-Jones parameters:C1256.333106 a.u. and
C6529.0 a.u. This leads tor eq5(2C12/C6)

1/654.6 Å and
V~r eq!'0.9 meV. A comparison between the experimen
and theoretical values is presented in Fig. 1. We found th
to be very sensitive to these parameters, suggesting tha
empirically determined potential models the long-range
tractive and the short-range repulsive interactions well, a
its accuracy is mainly limited by the experimental unce
tainty.

B. Angular scattering patterns from disordered
overlayers

The results will be outlined by examining the angul
distributions of each of the disorder classes, and compa
among them. In each case where random ensembles are
cussed, we averaged over 30 configurations.

1. Scattering from a full monolayer [system (1)]

To evaluate the influence of surface disorder on He s
tering, we first calculated for reference the angular intens
pattern for He scattered from acompletely ordered mono
layer of Ag on Pt~111!, i.e., for a silver coverageU51. @The
issue of incommensurability does not arise here because
take the Pt~111! surface to be flat—Eq.~8!.# The incident
perpendicular He momentum is 3 bohr2155.67 Å21. ~For the
other calculations presented below, we assumed the s
incident momentum.! The result, presented in Fig. 2, i
strong first order Bragg peaks along with the specular pe
The very weak background intensity is due to finite g
effects. Note that our calculations, based on a pairwise a
tive potential, probably give the effect of an overly corr
gated surface~hence diffraction stronger than the real on!
since the smoothing role of the conduction electrons is
included in the interaction.

2. Scattering from single clusters: Adatom and small
compact cluster [systems (2),(3)]

The simplest deviation from perfect order is the intr
duction of a single defect. Such defects, namely a single
adatom and small compact cluster~SCC!, are the subject of
this section. In subsequent sections gradually more di
dered systems will be considered.

The dashed lines in Figs. 3 and 4 present the scatte
results from a single adatom and an SCC~heptamer!, respec-
tively. Despite their quantitatively different appearance,
scattering patterns share some important qualitative featu

~a! Specular peak:The sharp specular peak is due to H
scattered from uncovered Pt~111! surface areas, where th
He/Pt~111! potential is not influenced by the defect. The fla
ness of this potential across the unperturbed surface resu
almost perfect mirror scattering.
No. 10, 8 March 1997

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



rly
ad-
ster

ing.
for
e is
tita-
to
ular
at-

-
e
ing

land
ms.
e-

po-
in

ing
l
cl

to
it

4233Yinnon et al.: He scattering from random adsorbates
FIG. 2. Calculated angular intensity distribution along theGK direction for
He scattered from an ordered monolayer of Ag on the Pt~111! surface, with
the Ag/Pt~111! lattice mismatch ignored. The orientation of the scatter
plane is along the close packed@11̄0# direction in real space. The reciproca
space lattice is rotated by 30° so that the Bragg peaks appear at non
packed multiples of 4p/a, a52.77 Å being the Pt~111! lattice constant. For
the indexing of the Bragg peaks, we chose real space unit vec
a15(a/2,)a/2), a25~2a/2,)a/2!, corresponding to reciprocal space un
vectorsb15~2p/a!~1,1/)!, b25~2p/a!~1,21/)!.
J. Chem. Phys., Vol. 106,
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~b! Broadening of the specular peak:Immediately below
the specular ‘‘spike’’ a shoulder appears, which is clea
wider in the single adatom case. In other words, the bro
ening of the specular peak is inversely related to the clu
size.

~c! Off-specular peaks:A series of rather broad, off-
specular diffraction features follows the specular broaden
The interesting feature is their spacing, which is larger
the single adatom. Again, this spacing in reciprocal spac
inversely related to the cluster size. For a detailed quan
tive analysis of this issue, see Ref. 10. Here it will suffice
mention that the peak structure, as well as the spec
broadening, can be satisfactorily explained in terms of sc
tering from a hard hemispherical object of radiusd. The
resultingFraunhoferdiffraction intensities are given by31

I ~f!}U~11cosf!J1~kd sin f!

sin f U2 ~10!

wheref is the scattering angle,J1 denotes the Bessel func
tion of first order, andk is the incident wave number. Th
parameterd can be interpreted as the radius of the scatter
cross section. Indeed, we found using Eq.~10! that for scat-
tering from an isolated heptamer~Fig. 4!, the Fraunhofer
interferences are those characteristic for an average is
scattering cross section of three nearest neighbor Ag ato

Another mechanism at work in the scattering from d
fects is rainbow scattering, in which the positions of the
peaks are determined by the inflection points of the equi
tential surface.25,18For an extensive treatment of this issue
the heptamer case, see Ref. 10.

ose

rs
ered
FIG. 3. Dashed line: calculated angular intensity distribution along theGK direction of He scattered from a single Ag adatom. Solid line: same for He scatt
from 15% coverage translationally random Ag atoms on a Pt~111! lattice.
No. 10, 8 March 1997
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4234 Yinnon et al.: He scattering from random adsorbates
FIG. 4. Dashed line: calculated angular intensity distribution along theGK direction of He scattered from a single Ag heptamer. Solid line: same for
scattered from randomly distributed Ag heptamers on Pt~111!. Inset: top view of a small compact cluster~heptamer!.
b-
ad
b
a
l-

s
a

k
th
n

u

h
e
A

g
hig
In
n

ple

r:
ions
ity
un-
ere
e-

ely.
odi-
d-
in-
a

ust
the
e to
di-
r
ion
hy
be

at
om
rans-
ins
the
3. Scattering from adatoms and SCCs randomly
adsorbed on a lattice [systems (4), (5)]

A natural transition to more complex disorder is o
tained by considering a collection of clusters, randomly
sorbed on the hexagonal lattice. A system like this can
formed in realistic conditions when gas phase Ag atoms
deposited on a cold Pt~111! surface, such that the Ag mobi
ity is very small.2–5Scattering from suchtranslationally ran-
domsystems is the subject of the present section.

The results for a system of single adatoms and SCC
15% coverage are presented as the solid lines in Figs. 3
4. Let us enumerate the central features:

~a! Specular and Bragg peaks:The sharp specular pea
is, as usual, an indication that significant portions of
Pt~111! surface remain flat. In addition, one observes stro
first and second order Bragg peaks at multiples of 2p/a
@a52.77 Å is the Pt~111! lattice constant#. What is their
origin? It is not the underlyingflat Pt~111! surface, as proved
by the absence of Bragg peaks in the case of the individ
defect systems of Figs. 3 and 4. Nor is it the small~111!
plateau on top of the SCCs~see inset of Fig. 4!, since the
Bragg peaks are observed also for the adatom system, w
has no such structure. Thus these peaks can only be the r
of the strong corrugation induced by the presence of the
adatoms and clusters on thelattice. This must be so in spite
of their random positions on this lattice. Since the Brag
peaks are robust and their intensities are comparatively
~;1023 relative to specular!, they are easily measurable.
addition, they yield to a simple theoretical description, a
J. Chem. Phys., Vol. 106,
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thus are attractive candidates for the calibration of a sim
model potential from experimental data.

~b! Similarity to single cluster and effect of disorde
Perhaps the most striking result from the present calculat
is the close~qualitative! resemblance between the intens
distributions from the single clusters and their random co
terparts. This can be seen very clearly in Figs. 3 and 4, wh
the distributions are slightly offset for clarity. As is esp
cially conspicuous in the SCC case~Fig. 4!, there is a one-
to-one correspondence between essentially every~broad! off-
specular peak in the single and random case, respectiv
The effect of the randomness seems to be limited to a m
fication of the single-cluster intensity distribution by the a
dition of noise. In the previous section we identified the pr
cipal cause for the peak structure in the scattering from
single cluster to be Fraunhofer scattering. This, then, m
also be the dominant mechanism in the scattering from
random systems. The Fraunhofer mechanism is sensitiv
local surface details, through the cross section of the in
vidual cluster@Eq. ~10!#. Since this is a feature of the adlaye
which is not expected to change significantly in the transit
to an ensemble, the similarity agrees with intuition. But w
does the randomness have such little effect? This can
understood qualitatively as follows. For a regularsuperlat-
tice of islands, one would expect a set of Bragg peaks
multiples of the inverse superlattice constant. For a rand
set of islands, as in the present case, such long-range t
lational order is not present, and the only order that rema
in the system is the structure of the individual islands and
No. 10, 8 March 1997
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4235Yinnon et al.: He scattering from random adsorbates
FIG. 5. Calculated angular intensity distribution of He scattered from a Pt~111! surface with 15% adsorbed Ag atoms with off-lattice translational randomn
Thin line: sudden approximation results. Thick lines: calculation using Eq.~15!. Right inset: same, using a harder He/Ag potential. Left inset: the disorder
g compared to the single adatom term, from Eq.~15! ~linear scale!.
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discreteness of the underlying lattice giving rise to the Bra
peaks at the Pt positions. Hence this is the only cohe
contribution ~through the Fraunhofer or rainbow mech
nisms! to the intensity spectrum. The effect of the disorder
then reduced to the addition of noise. In the next section
investigate what happens when even the pinning due to
underlying substrate lattice is lost.

4. Scattering from a fully random adatom system
[system (6)]

In the previous section we considered a random ada
system on a lattice. Here we consider the same system
randomly located adatoms, with the lattice constraint
moved. Thus, each Ag adatom is located completely r
domly, as if the Pt~111! surface were perfectly smooth. A
though this system is rather artificial, it removes the dista
length scale between the atoms, which the lattice impl
Consequently, in this model, adatoms can be ‘‘merged’’ i
each other into statistically allowed structures. This non
tice system is amenable to analytical modeling, as discus
below.

The scattering results from this system are presente
Fig. 5, for a system of 15% coverage Ag on Pt~111!. The
scattering intensity is very similar to that obtained for t
lattice system of Fig. 3. The broadening of the specular p
is essentially identical, and the decay of the intensity bey
the broadening is the same apart from the oscillations ab
in Fig. 5. These oscillations, then, can most likely be iden
J. Chem. Phys., Vol. 106,
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fied as the result of Fraunhofer interference, whose effec
suppressed due to the loss of adatom identity in the pre
case.

Another sharp feature evidenced in Fig. 5 is the prese
of two distinctly different slopesdominating the intensity dis-
tribution. The slope discontinuity occurs at aboutDK*53
Å21, and is an indication that two important structural r
gimes exist on the surface: the individual cluster, and
long-range translational randomness. Why 3 Å21? The an-
swer can be found in the single adatom scattering intensit
Fig. 3: 3 Å21 is exactly the point where the specular broa
ening reaches a minimum, and the Fraunhofer interfere
pattern takes over~the actual value, of course, depends
the cluster radius!. One would expect that the smallDK
~,DK* ! regime corresponds to the long-range surface str
ture, and vice versa. To check this, we repeated the calc
tion with a ‘‘harder’’ He/Ag potential~C1253.03107 a.u.,
C657.0 a.u.!, which enhances the effect due to the individu
cluster structure. The result is presented in the right inse
Fig. 5. The slope discontinuity atDK* is even more pro-
nounced here, and oscillations reminiscent of the on-lat
system are observed as well forDK.DK* . The reason is
that this harder potential effectively increases the local s
face corrugation; consequently the surface is rougher
leads to increased high-angle scattering. Thus changes in
He/Ag potential strongly affect the intensity distribution fo
largeDK values, which therefore contain important inform
tion on the He/adsorbate potential. Furthermore, by study
No. 10, 8 March 1997
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4236 Yinnon et al.: He scattering from random adsorbates
the largeDK regime, a He scattering experiment can be u
as a tool to measure adatom electron densities, which
related to the He/adsorbate potential.32 It is clear from the
above analysis that the short-range structure, manifeste
the local corrugation~and controlled by the hardness of th
potential!, appears in thelarge DK regime. However, the
small DK behavior is identical even for the hard-potent
case. This proves that this regime is determined exclusiv
by the long-range structural features of the surface, a
indeed expected.

The question arises whether we can isolate the lo
range effect of the surface disorder (DK,DK* ) from that of
the interaction with a single defect. In order to complete
isolate the effect of the translational randomness of the c
ters, we introduce a highly simplifiedtwo-state model
~TSM!, in which every adatom is represented by a cylind
of heighth and a diameterd, and the adatoms are complete
randomly located. Hereh is the height of an adatom abov
the Pt~111! surface andd is the diameter of the adatom sca
tering cross section. The adatoms are assumed to be
mutually penetrable. The resulting system may be conside
as atwo-phase random medium, in the sense that the unde
lying surface and the incomplete layer of tops of islands
two separate phases from the point of view of the incid
He beam. This approximation is reasonable for system
metal atoms adsorbed on metal surfaces, because the c
gation of metal islands is extremely weak. By represent
the adatoms as structureless cylinders, we capture only
global features of the system, neglecting its local structu
and can thus hope to reproduce only those features of
spectrum which result from the underlying random scatter
system.

An outline of the solution of this TSM for the intensitie
is given next; for additional details see the appendix. F
scattering from a hard island on a hard surface, the gen
expression for the scattering intensity@Eq. ~3!# becomes

I ~DK !5
1

A2 E dR1E dR2e
iDK•~R12R2!^e2ikzZ~R1 ,R2!&,

~11!

where

Z~R1 ,R2!5j~R2!2j~R1! ~12!

andj~R! is the classical turning point atR for a hard surface
and

^e2ikzZ~R1 ,R2!&5E dze2ikzzf Z~z;R1 ,R2!. ~13!

Here f Z~z;R1,R2! is the probability density of observing
height differencez between two points located atR1 andR2
on the surface. The problem of obtainingI ~Q! therefore re-
duces to the evaluation off Z~z;R1,R2!. In the case of realis-
tic shape functions for the island, the evaluation off Z is a
very hard problem, because it requires to take into acco
the 3D shapes of all possible cluster types. The TSM rend
the problem of findingf Z tractable, at the expense of loosin
certain details in the long-range part of the real intens
distribution.
J. Chem. Phys., Vol. 106,
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Rewriting Eq.~13! for the case of a stepped surface, w
obtain

^eikzZ~R1 ,R2!&5(
j
e2ikzzjPr~zj ;R1 ,R2!, ~14!

where the sum is over all possible height differences, a
Pr~zj ;R1,R2! is the probability to observe a given height di
ference between the pointsR1 andR2. In the present case
zj50,6h. The problem now reduces to evaluatin
Pr~zj ;R1,R2!. Our evaluation for randomly adsorbed islan
is presented in the appendix, and shows that for this case
scattering intensity Eq.~11! becomes

I ~DK !5c1~rd2,2kzh,A!d~DK !1c2~rd2,2kzh,d
2/A!

3Fg~DKd,rd2!1
J1~DKd!

DKd G ,
g~a,b!5E

0

1

J0~aS!e
1
2b~arccosS2SA12S2!SdS, ~15!

whereJ1 is the modified Bessel function of order 1, andr is
the adsorbate density. The factorsc1 ,c2 are independent o
DK . The important point to notice about Eq.~15! is that apart
from a specular term, it is composed of a term due to asingle
cylindrical adatom@theJ1 term—compare to Eq.~10!#, and a
new term (g), which incorporates the effect of the surfac
disorder. As can be seen in the left inset in Fig. 5, the eff
of the disorder term is very significant: it completely dom
nates the smallDK regime compared to the single adsorba
term. In particular theslope in this DK range is controlled
almost exclusively by the disorder term~in contrast to the
width, which was previously shown to be determined by t
radius of the islands!. This explains the universality of this
slope in all the random models considered above.

Next, Eq.~15! was applied to study the quantitative a
pects of the smallDK region. The heighth has mainly the
effect of an overall intensity factor. Since one cannot exp
the crude TSM to correctly predict the intensities, we shift
the intensity curves in the@DK,log(I )# plane, and focused on
the effect of changing the cylinder diameterd. At the inci-
dence wave number ofkz53.0 bohr2155.7 Å21, Fig. 1 pre-
dicts a cross section of;140 Å2, i.e., a diameter of;5a. In
Fig. 5 we show the TSM prediction ford55a,10a. The
effect of increasing the diameter is to flatten the intens
Thed55a case clearly underestimates the intensity, wher
for d510a there is good quantitative agreement in the sm
DK(,DK* ) regime. Thus, not surprisingly, the TSM doe
not offer good quantitative agreement for realistic parame
values. However, the agreement improves when the TSM
compared to the ‘‘hard-potential’’ case~see inset in Fig. 5!,
which is consistent with its formulation as a hard-wa
model.

In conclusion, the relative success of the TSM in rep
senting the smallDK regime~as well as its failure to agree
with the largeDK region!!, demonstrates convincingly tha
the properties of the long-range structure of the disorde
surface can be found from the quantitative analysis of t
regime.
No. 10, 8 March 1997
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4237Yinnon et al.: He scattering from random adsorbates
FIG. 6. Calculated angular intensity distribution of He scattered along theGK direction from randomly distributed large compact Ag islands on Pt~111!. Inset:
compact Ag islands produced by a KMC simulation, at 15% coverage on a surface of 1003100 unit cells andT5500 K. The surface is a parallelogram wit
an angle of 60°. Periodic boundary conditions are employed, so straight edges usually imply that the cluster is continued at the opposite bounda
rin
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5. Scattering from large compact islands [system (7)]

In this and the next section we discuss the scatte
from yet more complex, stochastic systems: those create
the kinetic Monte Carlo algorithm described in Sec. II B1.
typical configuration of the large, quasi-compact islan
formed at 500 K is shown in the inset in Fig. 6. Note th
periodic boundary conditions are employed. It is not our p
pose here to obtain a quantitative description of the struc
of these islands from the scattering intensities. Instead,
will limit ourselves to a discussion of some of the ma
features of the intensity distribution, and contrasting th
with those characteristic of the systems studied above.

~a! Broadening of the Specular peak:Among all the sys-
tems discussed so far, the specular broadening observe
Fig. 6 is the smallest. This corresponds, as expected, to
large area of the individual islands. The observed width
;0.3 Å21, in agreement with an average island diameter
13–17a obtained in our KMC simulations. Thus, as is inde
obvious, the specular broadening can be used experimen
to find the average diameter of randomly adsorbed islan

~b! Broadening of the Bragg peaks:In contrast to the
case of translationally random adatoms or SCCs, ther
little off-specular structure in Fig. 6. The exception is t
Bragg peaks, whose existence in the present case is no
prising, considering the large island surface area, which
the underlying Pt~111! lattice corrugation. However, the ne
feature is thebroadeningof the Bragg peaks. The broade
J. Chem. Phys., Vol. 106,
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ing is roughly half that of the specular peak. This pheno
enon is reminiscent of Fraunhofer interference of light tra
mitted through a grating. Indeed, roughly speaking,
uncovered surface area between the islands can be thoug
as a slit pattern. The kinetics governing the formation of
islands leads to depletion zones, or aneffectiverepulsion
between them~since they cannot overlap!, thus inducing a
degree of regularity in this pattern, which can yield t
Fraunhofer broadening. Note that this is different from t
Fraunhofer scattering by a hemispherical object described
Eq. ~10!, which is responsible for the specular peak broa
ening and the ‘‘humps’’ atDK561.5, 3.0 Å21. The irregu-
larity in ‘‘slit’’ sizes and orientations, as well as to a less
extent their positions, both due to the inhomogeneity of
land sizes and separation, is responsible for the added n

6. Scattering from fractal islands [system (8)]

In this section we discuss the scattering results from
last model system considered in this work: the dendri
fractal structures formed by the KMC simulations at 200
The interest in such structures hardly needs recapitulat
The averaged scattering intensities, as well as a typ
configuration, are shown in Fig. 7. This configuration
rather reminiscent of STM results on Pt/Pt~111!11,33 and
Ag/Pt~111!34 obtained under similar conditions. The fact th
No. 10, 8 March 1997
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FIG. 7. Calculated angular intensity distribution of He scattered along theGK direction from a Pt~111! surface with 15% adsorbed Ag atoms, forming frac
islands. Left inset: KMC simulations as in Fig. 6, but for fractal islands~T5200 K!. Right inset: Power-law regression of the intensity~see text for details!.
rs
ta

e
g
i
je
up
ge

d
t
es
w
av
he
he

in

e

ed
or

d
t-
th

r

7

r

res-
e

so

n-
the
ngly
ing
e,

hat
tial

If,

en-
ults
are
these systems are indeed fractal over a number of orde
magnitude of resolution observation, is discussed in de
elsewhere.35

Interestingly, in spite of the non-negligible surface ar
of the clusters, there is, apart from weak first order Bra
peaks, almost no trace of interference in Fig. 7. This is
agreement with the characterization of a fractal as an ob
with no typical length scale between physical lower and
per cutoffs. Indeed, our ‘‘fractals’’ are composed of a lar
variety of clusters of different sizes~dimers, trimers, and
larger clusters!, which generally are somehow connecte
Each of these clusters contributes Fraunhofer peaks a
typical length scale. The net effect is to smear out th
peaks into a relatively smooth decline of the intensity. Ho
ever, since the fractal clusters are all finite in size, their
erage radiusis reflected in the scattering distribution, as t
by now familiar specular broadening. Apart from this, t
absence of a typical length scale~above the lower cutoffa!
results in that there is essentially no structure left in the
tensity distribution.

As for the intensities atDK beyond the broadening, w
observe that the decline of the angular intensity withDK for
fractal islands is very similar to that for randomly adsorb
adatoms~Fig. 3!, and quite similar to the average decline f
SCCs and large compact islands~Figs. 4 and 6!. Further-
more, as mentioned earlier, this dependence is determine
the He/Ag/Pt~111! interaction potential. Nevertheless, we a
tempted to fit the intensities both before and beyond
J. Chem. Phys., Vol. 106,
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broadening~uDKu.2 Å21! by a potential-independent powe
law, following Ref. 36

I ~DK !}DKD24. ~16!

HereD is the fractal dimension. The right inset of Fig.
shows the result of this fit for both positive and negativeDK
~the latter were reflected!, after elimination of the specula
and Bragg peaks. The result is a slope of21.8460.03 for
uDKu,2 Å21, and21.6260.06 foruDKu.2 Å21 over a total
range of slightly less than one decade, with respective reg
sion coefficients of20.99 and20.90. If these slopes wer
used in accordance with Eq.~16!, the fractal dimension
would beD.2. Clearly, this cannot be for our planar sets,
that we conclude that the procedure suggested by Eq.~16! is
not generally valid for the determination of fractal dime
sions from He scattering data. A further reason is that
intensities beyond the specular broadening depend stro
on the hardness of the potential. For example, on chang
the He/Ag/Pt~111! potential, a very different dependenc
similar to that in the inset in Fig. 5, is obtained~not shown
here!. Consequently, one would be forced to conclude t
the fractal dimension changes when the interaction poten
is varied. Within a simplistic interpretation, in whichD is the
massfractal dimension, this is physically unacceptable.
however, He measures the fractal dimension of theelectron
density contours—see Ref. 35—a dependence on the pot
tial is in fact expected. For mass fractals, analytical res
have been obtained showing that the scattering intensities
No. 10, 8 March 1997
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4239Yinnon et al.: He scattering from random adsorbates
self-affine functions, whose scaling exponent is simply
lated to the dimension of the scattering fractal sets.38

C. Comparison of experiments on Ag/Pt(111)
with scattering from theoretical disorder models

In this final section we apply the understanding dev
oped from the analysis of the various disorder models
interpret He scattering data obtained in the experiments
scribed in Sec. II A. To recapture the main details, the s
tem studied in these experiments was a submonolayer o
at 50% coverage deposited on a Pt~111! surface at 38 K. He
scattering profiles were taken along the@112̄#-direction with
incident wave number of 6.43 Å21. The experimental data
are the circles in Figs. 8~a!–8~c! ~the same data are shown
all figures!. Our purpose in performing the analysis to
described next was threefold: toqualitatively interpret the
available experimental data and thus gain some underst
ing of the morphology of this low-temperature Ag/Pt~111!
phase, to test the insight developed from the analysis of
disorder models, and to self-consistently test our empiric
extracted potential.

If one focuses attention on the experimental data in, s
Fig. 8~b!, several features~some of which were observed i
the previous sections! stand out:

~1! Sharp specular and Bragg peaks, the latter hav
‘‘shoulders.’’

~2! Off-specular structure manifested in oscillations of t
intensity.

~3! The absence~or at least masking! of specular peak
broadening; instead clear maxima at20.28 and 0.37 Å21

are present.
~4! An asymmetry between positive and negativeDK.

The last point is an immediate consequence of the
perimental scattering geometry, which breaks the left–ri
symmetry~see Sec. II A!. This feature cannot be reproduce
in the sudden approximation calculations, in which the
always strikes the surface along its normal. The other ob
vations can be used to reach several conclusions on the
derlying surface structure:

~1! The large compact clusters model@system~7!# cannot be
ruled out since the broadening of the Bragg peaks is
of its main features.

~2! The presence of a series of peaks does not agree
with a fractal structure, which should exhibit a rath
smooth decay of the intensity. Instead, one observe
Fig. 8~b! that the scattering pattern from a 50% covera
fractal does contain peaks, forDK,3 Å21. The reason is
that at such high coverage part of the fractal characte
lost: adatoms fill in the gaps typical of the low covera
fractals of Fig. 7, and the resulting surface structure is
first sight not very different from the random one of Fi
8~a!. However, the scattering intensities are marke
different in Figs. 8~a! and 8~b!: the intensity decay in the
fractal case is far smoother that in the random one
agreement with the absence of a typical length sc
~.a! in the fractal. Point~2! then, can be used to elimi
J. Chem. Phys., Vol. 106,
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FIG. 8. A comparison between experimental and theoretical angular int
sities for He scattered from a Pt~111! surface with 50% adsorbed Ag atoms
in different disorder classes:~a! Translationally random adatoms,~b! fractal
islands,~c! size-dispersed compact islands. Insets: typical configurations
each of the disorder classes. The orientation of the scattering plane is a
the nonclose packed@112̄# direction in real space, corresponding to the clos
packedGM direction in reciprocal space. Thus Bragg peaks appear at m
tiples of 4p/~)a! wherea52.77 Å is the Pt~111! lattice constant. Experi-
mental surface temperature: 38 K, He beam energy: 21.6 meV~kz56.43
Å21!. Solid lines: theoretical intensities. Circles: experimental data. No
that only the elastically scattered intensity is shown. The inelastic part w
separated in the experiment using time-of-flight spectroscopy.
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4240 Yinnon et al.: He scattering from random adsorbates
nate both the fractal and randomly adsorbed ada
models: the former due to a lack of peak structure
DK.3 Å21, in the latter due to a complete disagreeme
in peak positions.

~3! The maxima adjacent to the specular are a feature w
was absent in the disorder models we studied. They
most likely a result of constructive interference due to
length scale of;~2p/0.33!, i.e., about four lattice con
stants~19/~2.77)!! along the@112̄# direction. At present
we do not yet have a satisfactory model which conta
such a length scale and is also in agreement with
other features of the intensity distribution.

Having essentially ruled out the fractal and random a
tom models, what then is an appropriate model which ca
least qualitatively explain the features observed in the
perimental intensities?39 The central clue in answering thi
question is the off-specular peak structure. In the absenc
agreement with the above models, we attempted a fit wi
hybrid of the large compact islands and the SCC mod
namely a narrowdistributionof translationally random smal
compact clusters. The advantage of this model is that it tu
out that the positions and intensities of the off-specular pe
are extremely sensitive to the relative numbers and abso
diameters of these clusters. Thus a possible, although
nitely not final morphological identification, is given in Fig
8~c!. The distribution shown is a set of hexagonal islands
or 9 Ag atoms in diameter, mixed in a 1:4 ratio at 50
coverage. Upon a careful examination it will be noticed th
apart from the quantitative location of the peaks near
specular discussed above, and the elevated intensity ar
the first order Bragg, the positions of all other peaks
correctly reproduced~some of these peaks are mere sho
ders in the experimental data, e.g., at 3.0 and 4.6 Å21!. This
agreement is not present in either the random adatom or
tal cases. On the other hand, the two missing features in
intensity pattern of Fig. 8~c! seem likely to be explained b
the introduction of some degree ofpositional order in the
locations of the SCCs: a separation of about 20–30 Å
tween the centers of every pair of adjacent clusters wo
result in the observed peaks, while at the same time crea
shoulder underneath the Bragg peaks due to a slit-Fraunh
effect @as for system~7!#. Such an ordered separation is
agreement with the fact that, due to the size mismatch
tween Pt and Ag, a strain is induced by the formation of
Ag island, resulting in an effective repulsion between neig
boring islands. We observe evidence for this in the locat
of the experimental first order Bragg peak, which is loca
slightly below the position of the corresponding pure Pt~111!
peak, suggesting some degree of lattice ordering due to
~which has a lattice constant of 2.89 Å!. In addition there are
some purely kinetic effects determining the size and dis
bution of islands, namely nucleation and an average di
sion length. The generation of a size-dispersed SCCs di
bution satisfying the separation requirement turns o
however, to be a nontrivial task, and, for the present qu
tative purposes, we limit ourselves to the translationally r
dom model. Beyond the introduction of positional order, o
J. Chem. Phys., Vol. 106,
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should probably also relax the assumption of perfect he
gons: at the low surface temperature considered, the mob
of Ag adatoms is extremely small, and consequently a m
realistic model is probably one in which the hexagons
imperfect, at least along their perimeter. Since the hexag
are perfect in our model, one observes an oscillation in
calculated intensity of Fig. 8~c!, with a period of;0.25 Å21;
this is likely due to interference between adatoms separ
by 4–5 lattice constants along the chains making up
edges of the hexagons. At any rate, while clearly not be
fully quantitative, the fit with the narrowly size-distribute
SCCs is very promising and bound to be nonaccidental.

IV. CONCLUDING REMARKS

The motivation for the study presented in this paper
the rapidly growing interest in structures formed on surfa
during epitaxial growth. We demonstrated that various typ
of disordered structures thus formed can be studied quan
tively by He scattering, and that a distinction between th
can be made on the basis of the different scattering feat
that arise, respectively, in these cases. This is due to the
sensitivity of the He angular intensity spectrum to the surfa
morphology and electron distribution. In particular, we i
verted a He/Ag/Pt~111! potential from experimental cross
section measurements, and subsequently used this pote
to predict from the analysis of experimental angular intens
data the presence of a phase of small and compact, narr
size-dispersed clusters with some degree of positional or
The sensitivity to changes in both potential and morpholo
parameters of our fit to the experimental data, as well
support from a more general He-scattering study40 and inde-
pendent STM data,41 provides strong evidence for the exis
ence of this phase. Furthermore, it illustrates what we beli
to be an important principle in surface science: thecombina-
tion of the mutually complementary experimental~He scat-
tering and STM! and theoretical techniques provides an e
tremely powerful tool for the quantitative analysis
complex surface structures.

Our theoretical findings shed light on several oth
points:

~1! There are clear and specific differences between the
tensity distributions resulting from the scattering fro
different classes of disordered structures. Careful an
sis of the relevant features, such as broadening of
specular peak, its slope, off-specular Fraunho
maxima, position and width of Bragg peaks, and mo
can lead a long way to the identification of the type
disordered phase present on the surface.

~2! The structure of the complex intensity spectrum obtain
by scattering from translationally disordered, small co
pact clusters, can be understood as a sum of the co
butions due to the scattering spectrum of a single s
cluster, and due to the disorder. The former is mai
responsible for characteristic Fraunhofer and rainb
peaks in the largeDK regime, whereas the latter affec
the slope of the intensity function for smallDK values
and is responsible for the introduction of noise and pe
No. 10, 8 March 1997
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4241Yinnon et al.: He scattering from random adsorbates
‘‘smearing.’’ Conversely, this information can be used
extract useful information about the individual clust
size and the cluster ensemble statistics.

~3! The claim that for fractals the angular intensity depe
dence on parallel momentum transfer follows a univer
power law, is not supported by our calculations. Inste
there is a strong dependence on the parameters o
He/adsorbate potential. Thus it does not appear to
possible to calculate the fractal dimension from a sim
scaling analysis of the intensity distribution.

Recent experimental studies have addressed the diffe
kinds of disordered structures formed during 3D epitax
growth. Specifically, the attenuation of the He scatter
specular peak during growth was measured, allowing for
distinction between 2D vs 3D growth mechanisms. The
sults presented here indicate that much more information
the structure of disordered multiple adlayers can be obta
by He scattering, and we are currently pursuing such wo
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APPENDIX

We derive Eq.~15!. This requires first the evaluation o
Eq. ~14!. The task at hand is the calculation of the probab
ties Pr~zj ;R1,R2!, to observe a given height difference b
tween points located atR1 andR2 on the surface. Denoting
the underlying surface as 0 and the atom tops as 1, there
four possibilities:

~1! R1,R2P0 with Z~R1,R2!50;
~2! R1P0, R2P1 with Z~R1,R2!5h;
~3! R1P1, R2P0 with Z~R1,R2!52h and
~4! R1,R2P1 with Z~R1,R2!50.

DenoteSeR1
eR2

~with eRi50,1 according to whetherRiP0 or

RiP1! as the probability of observing the pointR1 in phase
eR1 and the pointR2 in phaseeR2. Then clearly:

Pr~0;R1 ,R2!5S001S11, Pr~h;R1 ,R2!5S01,
~A17!

Pr~2h;R1 ,R2!5S10.

A general formalism for the evaluation of quantities of t
typeSeR1

eR2
...eRn

is given by Torquato and Stell~TS!.42 Their

result for the case of interest to us is:
J. Chem. Phys., Vol. 106,
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Sn~R1 ,..,Rn!511 (
k51

N
~2r!k

k! E •••E gk~x
k!

3)
j51

k S H 12)
i51

n

@12m~ uRi2xj u!#J D dxj ,
~A18!

S11~R1 ,R2!512@S1~R1!1S1~R2!#1S00~R1 ,R2!, ~A19!

S01~R1 ,R2!5S1~R1!2S00~R1 ,R2!, ~A20!

S10~R1 ,R2!5S1~R2!2S00~R1 ,R2!, ~A21!

whereSn is shorthand forn points in phase 0~so, e.g.,S1
above means one point in phase 0!, r5N/A is the adsorbate
density, xk[~x1,...,xk!, and gk is the reduced distribution
function of k particles, defined as

gk~x
k!5

rk~x
k!

rk
, ~A22!

rk~x
k!5

N!

~N2k!!
Pk~x

k!, ~A23!

Pk~x
k!5E •••E P~x1 ,...,xN!dxk11•••dxN . ~A24!

In the case of an isotropic systemg2~x1,x2!5g(r ) ~where
r5ux12x2u! is the well-known radial distribution function
The functionm~uRi2xj u! is the ‘‘particle indicator function,’’
defined as

m~ uR2xj u!5 H1 if uR2xj u,d/2
0 if uR2xj u.d/2. ~A25!

Collecting Eqs.~11!, ~14!, and~A17!, we obtain

I ~DK !5
1

A2 E dR1dR2e
iDK•~R12R2!$@S00~R1 ,R2!

1S11~R1 ,R2!#1e2ihkzS01~R1 ,R2!

1e22ihkzS10~R1 ,R2!%. ~A26!

The last equation, together with Eqs.~A18!–~A24!, establish
a formal connection between the reduced distribution fu
tions of interest in characterization of surface statistics a
the measurable scattering intensity.

Eq. ~A26! can next be applied to the scattering fro
translationally random adatoms. It is shown by TS that
this case, sincegk[1 for all k, one obtains

Sn~R1 ,...,Rn!5e2rVn~Rn;d!, ~A27!

whereVn is the union area ofn circles with diameterd, with
centers atRn[$R1,..,Rn%. For n51,2 explicit formulas exist

V15
1
4pd

2, ~A28!

V2~R/d!5
1

2
pd22

1

2
d2S arccosRd2

R

d
A12

R2

d2 D
3H~12R/d!. ~A29!
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4242 Yinnon et al.: He scattering from random adsorbates
HereR5uR12R2u andH(x) is the Heavyside step function
Note that in the scattering context,d5d(kz), d being the
diameter of the cross section, which depends on the incid
He wave numberkz . Using this in Eqs.~A27!, and ~A19!–
~A21!, and recalling that the present system is translation
invariant, we obtain

S00~R/d!5e2rV2~R/d!, ~A30!

S11~R/d!5122e2
1
4rpd21e2rV2~R/d!, ~A31!

S01~R/d!5S10~R/d!5e2
1
4prd22e2rV2~R/d!. ~A32!

What remains is to insert the last expressions into the gen
formula for the scattering intensity, Eq.~A26!, and go
through some algebra and integrations. Defining

b5rd2,

g52kzh, ~A33!

e5
d2

A
,

and

c1~b,g,A!5
~2p!2

A
@112e2

1
4pb~cos~g!21!#, ~A34!

c2~b,g,e!54pe@12cos~g!#e2
1
2pb, ~A35!

we obtain

I ~DK !5
1

~2p!2
c1E dReiDK•R

1
e
1
2pb

2pd2
c2E dReiDK•Re2rV2~R/d!. ~A36!

The first integral evaluates to a delta function, whereas
second simplifies to

2pe2
1
2pbF E

0

d

J0~RDK !e
1
2b~arccos~R/d!2~R/d!A12R2/d2!RdR

1E
d

`

J0~RDK !RdRG .
Let us now define

g~a,b!5E
0

1

J0~aS!e
1
2b~arccosS2SA12S2!SdS, ~A37!

then finally the scattering intensity becomes

I ~DK !5d~DK !c1~b,g,A!1c2~b,g,e!Fg~DKd,b!

1
J21~DKd!

DKd G . ~A38!
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