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Surface mobility of Ag on Pd(100 measured by specular helium scattering
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We study the deposition and the very first steps of nucleation and growth of Ag(@0@Pdavith thermal
energy atom scattering. This technique is a very sensitive and nonperturbing probe to surface point defects,
which permits anin situ and in-time monitoring of the deposition. The intention of this paper is to give a
detailed description of the approach used in our work. The form of the specularly reflected helium signal as a
function of coverage and surface temperature is compared to a theoretical curve, which is computed by solving
a system of rate equations that describe the formation and destruction of clusters during the deposition process.
The analysis of the experimental data gives two main results. The diffusion pararfetivation barrier
E4=0.37+0.03 eV and preexponential factep=8x10° s~1) have been extracted for the system Ag on
Pd100). We find furthermore that all silver atoms impinging on a zone of 6.1 A around an adatom on the
surface are captured by it at surface temperatures well below the onset of thermally activated mobility. The
origin of this phenomenon is discussed and tentatively assigned to a combined effect of transient and neighbor
driven mobility.[S0163-18206)04747-9

I. INTRODUCTION fracton (RHEED),Y® and molecular dynamics(MD)
simulationst®1’

The study of the early stages of epitaxial growth is a field Helium measurements can tell us something about the
of considerable interest because of the fundamental phenomgrowth and the dynamics at low coverage. Several authors
ena that are implied as well as the importance of relatedhave successfully used the diffraction of a thermal helium
applications, such as microelectronics or catalydi§he  beam to probe the sample surface during the diffusion of the
structure of the small particles grown on an atomically flatadsorbate$®'® The present paper shows that the measure-
surface depends strongly on the mobility of the adatoms oment of the reflected specular helium intensity as a function
the small particles of the deposited material. of coverage and surface temperature can be used as a pow-

At least two phenomena can influence the early stages @ful method to study the surface dynamics during the early
growth: deposition and thermal diffusion. The study of thestages of growth. A first approach to this technique has been
deposition process raises the controversial question of thg@Ported by Poelsema, Verheij, and Corffsatho have used
transient mobility. An atom evaporated from a Knudsen celih® thermal energy atom scatterif@EAS) technique to
has a thermal energy of the order of 0.16 eV, which has to bg€asure the diffusion constants of CO on @PY) surface.
summed to the binding enerdgbout 3 eV, which it gains T_he latter is first prepared with a defined number of vacan-
by adsorption on the surface. This sum is high compared t§ies and CO molecules are adsorbed at a low surface tem-

typical diffusion barriers of metal on metal systefisThe perature (107 K), where all mobility is frozen out. The

deposited atoms have to dissipate all this eneray to thermaﬁpecmar helium intensity is recorded as a function of cover-
P P gy age, and after the deposition, as a function of temperature

ize on the surface. The question is how quickly does thl%hat is increased linearly. When the CO molecules become

happen and what is its influence on the mobility’? This ques, i they get pinned to the vacancies. The cross section

tion becomes less important as soon as thermal mobility bz, yiffyse scattering of the vacancies overlaps with those of
comes high. At this point the structure is governed by nucleyhe molecules, which results in an increase of the reflected
ation and growth, which can be modeled with rate equationshe|jum intensity due to the reduced coverage of the defect-
In the case of a metal deposited on a metallic surfacefree part of the surface. A model leads then to the determi-
numerous experimental and theoretical studies have beeiation of the activation barrier for the diffusion of the mol-
performed to determine the parameters of the diffusiorecules. A similar method has been used by the same group to
mechanisms. Extensive review articles have been publishestudy the initial steps of growth of Pt on(®11).2
concerning the diffusion of metal atoms on metal surfaces The method proposed here uses a very similar argument,
and the various experimental technictis Among these i.e., the change of the scattering cross section depending on
techniques are the direct visualization methods such as fielihe aggregation of the adparticles; however, in this case not
ion microscopy(FIM),”~® scanning transmission electron mi- only the initial slope but the whole shape of the deposition
croscopy (STEM),!° or scanning tunneling microscopy curve is analyzed carefully. Therefore the size distribution of
(STM).2122While the first method visualizes simple atomic the adparticles is simulated with a nucleation model. The
hops, the analysis of STEM and STM micrographs relateprinciple of the measurement is simple. Incident atoms are
the island density to the surface temperature and flux in ordezondensed on the surface at a fixed temperature. During and
to extract the energy barriét. The deposition process has after the deposition, the helium intensity specularly reflected
been addressed by FI reflection high-energy electron dif- from the surface of the sample is measured. The evolution of
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the helium intensity during and after the deposition can be |
compared with a simulation, which attributes a scattering T
cross section to each particle size. The particle size distribu-
tion is a function of time, of the integrated flux of silver This is the so-called lattice-gas formtlavheres =20 is
atoms deposited, and of the temperature. It is assumed th@gfined as the macroscopic cross section of the adsorbate
the adatoms diffuse on the surface according to a law offélated to the intensily oy the microscopic cross section,
activated random walk. The hopping frequency of the adal-€-» the surface perturbed by the presence of an adatasn,
toms, taken as a free parameter, is then reported in af® coverage in monolayefsiL), and%, and o, are mea-
Arrhenius plot, which gives the diffusion barrier and the pre-Suréd in surface unit cells of PXDO (o pg(100~ 756 A).
exponential factor. This description supposes explicitly a random distribution

We report on measurements o the deposion process arfy % PELCEES: 1 S B8 TOE B 2 RO D L e
the thermal diffusion of Ag on RA00) using the method P 9

described above. This open and isotropic substrate was Chhvgzzna;hoeﬂr:le,rt;\;)spr?;%%the&s is no longer fulfilled and we
sen to be sure that the thermal mobility of adatoms is frozen A quite general description consists in making the list of

in at liquid nitrogen temperature. In recent years, the adsorp-” possible configurations of small structures on the surface,

tion of Ag on Pd surfaces has been studied by means Qf, . iny each configuration with its statistical occurrence

Auger electron spectroscop¥,?®> low-energy electron ; : :
) Y . . and to calculate the corresponding cross section. In this case,
diffractior?® (LEED) and Auger electron diffractioff, ultra- the reflected helium intensity becomes

violet and x-ray photoemission spectrosc8py° work func-
tion measurement$ thermal desorptioA’ and thermal de- | % 2
sorption of CO? Most of the cited works deal with Ag —(9)=<1—E o-ini(ﬂ)) : %)
coverage between 10% and several monolayers, adsorbed on o ‘
the low index Pd surfaces at room temperature. On(14)  \yheren; is the coverage of particlésumber of particles per
(Refs. 22, 23, 28 and 2%nd (100 (Refs. 24 and 2Bsur-  gyrface sit containingi atoms ando; the corresponding
faces, the first Ag layer is observed to grow epitaxially atcross sectior(the problem of isomers with different cross
room temperature and up to 500 K. On the less de¢b$®)  sections will be discussed belpw
surface, no intermixing is observed at room temperatufé, In Eq. (2), only the reflection of the He beam coming
whereas annealing at 520 K produces interdiffusion of Agfrom parts of the surface free of adsorbates is considered,
and Pd atoms, and progressive enrichment of the Ag ovekyhereas the contribution to the intensity from adparticles or
layer with Pd, until at 80 K a surface alloy of composition jsjands is neglected. This is only possible for small cover-
AgosPdy 5 is reached. _ ages. This equation approaches the lattice-gas formula with
Pd100 has been the less studied surface. In Refs. 24 and__ 5. in the case of randomly distributed atoms with a
26, evidence is given that a complete phase separation exigfgge cross section.
up to 500 K. In addition to these experimental results, MD | this paper we will use Eq2) to describe the He inten-
calculations® yield a larger binding energy2.67 eV} for  sjty measured in static and dynamic conditions, i.e., below
Ag adsorption in the fourfold hollow surface site, than in the ang above the threshold of mobility of the adatoms. For this
substitutional first layer site{2.08 eV), with a high barrier e have to estimate the cross sectionf adparticles con-
for the exchange procesdl.34 eV). The submonolayer taining various numbers of atoms, and compute the size dis-

growth regime at low temperature has not received muclyipytion n; of the adparticles as a function of coverage and
interest, and in particular for th@00 surface, to our knowl-  time.

edge, it has not been studied until now.

—=(1-0)%. )
0

A. Cross section: The geometrical overlap approach

Il. MODEL In order to calculate the cross section of a particle we
assume that the overlap approach is vatide., that the
The use of the specular reflected He intensity as a probeross section of a particle is numerically estimated by calcu-
of a surface and its adsorbates relies on two facts. First, thiating the total area that is covered when the atomic cross
high flatness of the electron density for metal surfaces of lowsection is associated to each of its atoms. We also aslime
Miller indexes causes their high reflectivity for He atoms ofthat the silver adatoms sit in epitaxial adlayer adsorption
thermal energy. Second, the cross section of adsorbates fsites, this is supported by the fact that the growth of silver on
diffuse helium scattering is much larger than their “physi- Pd 100 begins with two epitaxial monolayers, as shown in
cal” size. The reflected helium beam is therefore sensitive td=ig. 1; (ii) that the cross section can be approximated by a
the presence and the distribution of very low coverage otircular surfacejiii) that the clusters are two dimensional
adsorbates. Since we measure the very beginning of nucleince the coverage is loffew percent of a monolaygrThe
ation and growth, we stay in a regime where the clusters arealue of the effective cross section per atom decreases rap-
very small. For these small structures we can consider thatlly as the number of atoms increases. This renders the
the only contribution to the reflected beam is the diffractionspecular He intensity very sensitive to the relative abundance
amplitudeAg from the uncovered surface. of adatoms and small clusters on the surface; the present
In the case of adsorbates randomly distributed on the suwork takes advantage of this fact.
face and acting as perfectly diffuse scatterers, the relative A complete description would take into account that dif-
specular He intensity is given by ferent isomers exist for a given cluster sizd o simplify the
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FIG. 1. Specular normalized helium intensity as a function of
time for a deposition af ;=400 K and a Knudsen cell temperature ] ] o )
Twnu=1221 K. We observe a Stranski-Krastanov type of growth, FIG. 2. View of a trimer with different capture zonda) Lattice
i.e., the completion of two epitactic layers followed by a three-9as(no mobility), (b) capture zone 1 short stepearest neighbors
dimensional growth. The first maximum corresponds to the comple(C) capture zone 1 long steearest and next-nearest neighbors
tion of the first monolayer, allowing a precise calibration of the (d) capture zone 2 steps.
incoming flux of Ag atoms.

Si=ai_1ni_1R, IBZ,

description we have chosen for each size an isomer having a % )
cross section that is close to the mean value of all compact s;=R- > s,
isomer cross sections. For an atom attached to a step edge, =2

the cross section has been chosen to t_)e about 1/3 of its Va'\}\ﬁwereai_l is the number of sites, which corresponds to the
on a terrace because of the overlap with the cross section ggpture zone of particles with £ 1) atoms. Thuss; repre-
the step. sents the capture rate of an impinging monomer by an exist-
ing (i—1)-mer.
We can now write the equation that describes the varia-
tion of the density of-mers. One easily realizes that the pit
To calculate the densitias (6) of thei-mers, we use a term for the i-mer is also the source term of the
rate equation approach known in the literature as thin-film(i +1)-mer, hence
nucleation theory. This theory has been developed and used
by different author$ %6 (and included referencesin the an _ c—s @
following, we describe the version of these equations used in dt T b

this work; we discuss their validity and suggest some modi- , , . .
L : : . . . If the incoming atoms stay exactly on the site on which they
fications. First we explain the static part of the equations, i.e.

L " : are impinging the distribution of the atoms is random and
the description of the deposition process excluding any mo: : . .
- L : Eq. (1) describes the dependence of the helium beam inten-
bility due to the thermal energy, while in a second section we_. .
. . Sity on the coveragd. It has been showf that deposited
take into account the thermal mobility of the adsorbed atoms; RV o
atoms impinging on the proximity of a cluster are attracted

Since we work at temperatures below and just above th‘teoward it. We shall show later on that a single adatom can

mobility of the adatom, we neglect the two- and three- : - ) .
dimensional evaporation of condensed atoms. In this respecatIISO attract an atom deposited in its neighborhodhis

this approach is different from that given, for example, by:neda(r;g tch;r: %);praedsj'(fgzj'?ongggggstr :ﬂ'?hghe;iiiigfén b
Venabled* due to the particular nucleation conditions em- imply adantin thepsize of the capture zo pS Fiqure 2 y
ployed, i.e., low temperature and low coverage. Mmeoveihoﬁvgatopviegw of a trimer surrouFr)lded b r(aixiffere%t sizes of
we consider explicitly all different cluster sizes only up to a P i unded by

. N . : . . the capture zones: all the atoms impinging on these capture
given sizei ., Since the cross section for diffuse scattering

i zones move towards the already existing trimer. Figuyeg 2
changes considerably for small clusters. . .97
corresponds to the lattice-gas modahly the atoms imping-

ing next to the existing particle are captured by it, there is no
1. Deposition process mobility). The other caseb,c,d require a zero temperature
The deposition is characterized by a constant incoming"oPility, which is not.t.heYrmaIIy activated, which we called
flux of silver atomsR (R=d#/dt=const). The source term neighbor driven mOb'“Q; Table | gives the values o;
s, for a particular cluster containinigatoms is given by the (1=1-6) for the different sizes of capture zones.
number of particles withi(-=1) atoms that collect an addi-
tional atom from the incoming flux. Obviously the source
term of free adatoms corresponds to the ones that are not If the temperature is high enough, the adparticles become
absorbed by larger particles. Hence mobile and this dynamical behavior modifies the particle size

B. Size distribution: Rate equations

2. Diffusion
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TABLE I. Capture zonesy; corresponding to the chosen shape
of thei-mers. The columnga) to (d) refer to the various types of

capture zones shown in Fig. 2 in the case of the trimer.

@ (b) © (d)

a 9 13 21 37
@, 12 18 26 44
as 15 21 30 49
a, 18 25 34 54
as 19 27 36 57
g 22 28 39 60
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dg.l d ) i max n.
=S elimadt D+ X —H(j+k). (8
dt max I kK>imax—i Tik

So far the surface has been supposed to be perfect. In
reality this ideal case is never met and it is well known that
defects can highly affect the crystal growth. In our case we
must consider, for instance, that diffusing adparticles can
move to surface steps where they condense. The step density
Nstep IS @ given characteristic of the sample that we cannot
measure in our experiment. We can only estimate that this
value is similar to that obtained by STM measurements taken
on a crystal surface prepared according to an identical pro-
cedure from the same single crystalin that case the step

distribution. In the following we shall suppose that the par-density results to bege~1/500; i.e., every atom over 500 is

ticles follow a random walk with a hopping frequeney.

a step atom. It is supposed constant during the experiments.

On its way an adparticle can meet another one and coales@#e condensation of the adparticles along the steps is a one-
in a Iqrger particle. The cregtion and the disappeqrance Qj‘imensional problem. An adparticle containingtoms has a
adparticles due to the collisions between them during theitimited lifetime 7; g, due to trapping by the steps, which is

random walk can be described in terms of lifetimes:7iebe
the mean lifetime of a moving particle withatoms before it
coalesces with a particle with atoms. This lifetime is de-
fined by

(N;)

"IN ®

Tij

defined by the averaged number of surface sites between two
steps divided by the averaged number of surface sites visited
per unit time by the particle(in a first approximation

Ti step= 2/ViNgiep - We suppose here that the steps are ran-
domly distributed, which is realistic if we have a signal av-
eraged over macroscopic distances. The number of atoms of
all particles condensing on the steps is then given by
AN/ dt=Zi(Ni / 77 sepi-

where(N;) is the average number of surface sites a particle Taking the condensation on steps into account, the rate

has to visit in order to find a particle with atoms and

(N,;) the averaged number of surface sites visited per unit
time by the particle with atoms. In a first approximation,
7j=1/(vn;), and the rate equation describing the life of a

particle withi atoms is

dn; n; n;
_dtI :Si_5i+l+2 E _ _.J _2 > (5ij+5ik)_.] ,
j k=|7J Tjk ] k Tjk

(6)

where the third term describes the creation ofianer re-

sulting from the diffusion and aggregation of atoms and
smaller clusters, while the fourth term describes the destru
tion of ani-mer due to its merge with another particle. The
terms expressing a finite lifetime of an adparticle related t

its dissociatior(for example, adatoms leaving a clugteave
been neglected in the present model.

C_

(0]

equation(6) for particles withi atoms becomes finally

dn; n;

——=S—Sj;1+ —

dt ! 1+1 2 KST-j Tij
S S (8t ) — ©
T K . 1k Tik T step.

Two corrections have to be introduced:

(a) Capture zonedn the above description, each particle
occupies only one site, which is not the case in reality. The
area associated with a particle of sizs the dimension of its
capture zoney; . An easy way to account for this problem is
to come back to the definition of the lifetimg;, which
depends on thenean number of site@dN;) a particle has to
visit to find a particle j It was estimated to ff but this
value can be correctedb

Since the specular intensity is especially sensitive to the
abundance of the smallest particles we restrict the system of 1
rate equations(6) to the size of clusters with at most (Nj)= ——aj.
imax=6 atoms. In other words, we consider here the cases !
where the adatoms and the clusters containing up to six atfhis correction is mainly important for a high density of
oms are the dominant population on the surface. We calharticles or equivalently at low dynamics.
islands the larger clusters$6), characterized by a mean (b) Memory of the systenhet us consider, for example,
Sizeligiand= Oisiang/ Nisiand WNere bigjang aNd Nigjang are, respec-  the collision between a monomer and a dimer and suppose
tively, the coverage due to the islands and their number pehat the mobility is higher for the monomer than for the
unit area. The total coverage is thsZjin;+ 6igang. The  dimer. This means that the monomer will move in a nearly
number of islands obeys the equation fixed environment of dimers; therefore it will visit a new site
after each hop in the very beginning of its existence, but later
it will have a high probability to fall on a site already visited
in the past that is clearly free of dimer. The dimer moving
towards a monomer will not experience the same phenom-
and the coverage of atoms belonging to the islands is giveanon since its environment of monomers cannot be consid-
by ered as fixed.

(10

d Nisland _

(@)

I kK>Imax] Tik
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solved numerically. The value of the time increment in the

350 numerical calculation must be chosen by considering the
300~ hopping frequencyy; and also the silver flusR. For ex-
250~ ample, a good stability is obtained f&=10"2 ML/s, and
N 200k =1 s ! (=0 for i>1) with a time increment
Z 150 At=0.05 s. We performed simulations for hopping frequen-
v cies varying fromy;=10"3 s ! up to »;=100 s %; in the
100~ high dynamic range we reach the limit of the validity of the
50 simulations due to the increasing importance of the conden-
0 | | | | sation of the particles on the steps. Figure 4 shows an ex-
0 200 400 600 800 1000 ample of a particle size distribution as a function of coverage
N, for three different atomic hopping frequenciéa) »;=0.1

s (b) v;=1s"%; (c) v,=10 s L. The condensation on the
islands and on the steps is also displayed. Figude dives
the resulting helium intensity/ () expected in an experi-
ment, and also the lattice gas behavior.

Stowell*® showed that there is a linear relation between

Again \éveé\reSC:orSin(? baﬁk :]O thehdefinitiﬁn of tlhe Iife;irlne the logarithm of the island density and the diffusion energy
7ij given by Eq.(5). Under the hypotheses that only particles q¢ 16 monomer IMigjane= (Eq, /T+const). It is worth not-

i are mobile and there is no source term for partiglethis . . Lo
problem can be considered as a random walk. Such a syste'ﬁ‘g that this relation is nicely reproduced by our model. Sev-

has been studied in the literatt?é' and in two dimensions €&} c?_ﬁralc.:;etr_lstlc's appear in tge cur(;/estoLFlg. 4. b
there is no analytical solution for the mean number of visited (i) The ifetime IS coverage dependent. HOWeVer, one ob-
sites (N,) after N, hops, only the asymptotic value is serves a similar behawor_at very low (_:overa(gp_ to about
proposed! An easy way to calculatéN, ) is to use a Monte 0.7% for the three h(_)pplng frequenqes considered. They
Carlo simulation; Fig. 3 shows the result of an average ove orrespor)d toa doma”.‘ of low dynamics. The same Val.u?.Of
1P runs. We can define the function he atomic cross section can be deduced from the initial

slope of thel/ly(6) curve[Fig. 4d)]. As the coverage in-
(N,)—1 creases, the lifetime of the adatom is strongly reduced, and
S (11 larger aggregates and islands are formed. This leads to a
Np deviation from the lattice-gas behavior of the relative helium

so that the number ofewlyvisited sites afteN,, hops equals intensityl/l, as a function of coverage. This effect depends

FIG. 3. Mean number of visited sité,) vs number of hops
N, for a particle performing a random walk in two dimensions.

f

Nf, . strongly on the hopping frequency, hence on the tempera-
Fuor a particlei created at’ =0, its lifetime before meet- ture. For example, a deviation of 2% from the lattice-gas
ing a particlej becomedEgs. (10) and (11)] intensity curve is obtained at a coverage 0.06 if v;=0.1
s 1 6=0.02if ;=1 s !, and9#=0.009 if ;=10 s 1.
1 1 (i) The role of the steps in the dynamics depends also
Tij :(n_j_“i)m' (12 strongly on the temperature. When=0.1 s, the propor-

tion of adatoms that condense on steps is almost negligible.
We have now a precise description of the lifetime of a parHowever, when;>1 s™* a significant part of the deposited
ticle. However, this description is not easy to use since th@toms is on the steps and this part increases with coverage.
lifetime depends explicitly on the timg and all particles At large v, this behavior constitutes one of the limits of the
are not created at the same time. In order to account for thi§odel, since we do not know how the growth proceeds along
correction we would have to convolute our equations withthe steps and no coherence effects in the scattering of the
this lifetime, which would complicate their integration. helium atoms have been taken into account in the calculation
Moreover the hypotheses on which the description is buil©f the intensity reflected by the surface of the sample.

are often not satisfietparticlesj immobile, no source term ~ The above model has also been applied to simulate the
especially during the depositiprFor these reasons we chose Specular He intensity after the Ag deposition has been
to switch on the memory of the system only at the end of thestopped.

deposition and only for very mobile particles colliding with

less mobile particles. We reach here the limit of our descrip-

tion in rate equations. For example, the depletion of atoms in ll. EXPERIMENT

the proximity of steps or big islands is neglected, causing an

overestimate of the capture rate by the steps at low island The measurements are carrled_m a pHV—r_noIecuIar—beam
density2 A Monte Carlo study would not have the same 2PParatus, which has been described in detail elsevifére.

limits but the computing effort it requires is more important. conS|st§1?f an analysis chamber with a base pressure in the
low 10 mbar range coupled to a differentially pumped

He nozzle beam and a detector located in a separately
pumped chamber. The PO crystal is mounted on a
The system of Eq(10) for each size between one and six sample holder allowing foxyz polar angle, and tilt dis-
atoms together with the equations describing the growth oplacement. The sample temperature is measured between 80
islands[Eq. (7) and the condensation on st¢psmve been and 1300 K with a thermocouple spot welded on the crystal,

C. Simulations
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FIG. 4. Calculated atom and cluster densities as well as corresponding helium (sigfal the different dynamical parameter®)
v1=0.1s % (b) v;=1s % and(c) »;,=10s ! (»;=0 fori=2 in all cases The corresponding substrate temperatures are shown at the top
right corner of the figures.

and it can be varied by electron beam heating and liquido calibrate the Knudsen cell flux as a function of tempera-
nitrogen cooling. Repeated sputteririfr ¥, 1000 eV, 1 ture, and consequently the silver coveraen the Pd100)
wAcm~?) and oxydation cycles have initially cleaned the surface. The He intensity of the first maximum equals ap-
crystal surface. Everyday cleaning of the surface is also peiproximately the intensity corresponding to the bare surface
formed by short(15 min) sputtering periods at room tem- indicating that the first silver layer is well completed before
perature, followed by an annealing of 3 min at 1000 K andthe beginning of the growth of the second layer. Notice that
15 s at 1300 K. A temperature stabilized Knudsen cell di-a similar behavior does not seem to happen with the growth
rected almost normal to the surface has been used to depositthe second silver layer, where the time needed to reach the
silver fluxes ranging from 10% to 102 ML/s. The geometry second maximum exceeds somewhat the time of the first
allows for the measurement, during the deposition, of thdayer growth and the intensity of the second maximum is
intensity of a helium beam specularly reflected by the sampleeduced. We probably observe there the beginning of the
surface. The supersonic He beam is emitted by a nozzle at #free-dimensional growth characteristic of the Stranski-
K, then it crosses two stages of collimatiddifferential ~ Krastanov growth mode. This is in agreement with previous
pumping and it hits the surface on a spot of 0.7-mm diam-studies of this systerf.

eter with an incidence of 64° and an intensity of 4 B0 At low temperature of the substrate we measure a small
atom s 1. The transfer width for this system is estimated tocontamination of the sample due to the residual gas in the
50 A. A quadrupole mass spectrometer located in anothethamber. We have checked that this contamination does not
separately pumped chamber detects the specular reflected Eeme from the He beam. It produces a 0.5% signal reduction
beam. The precise calibration of the silver flux is based orper minute, which translates into a pollution of the substrate
depositions between 300 and 500 K, where the time deperof 5x 10”4 ML/min; this corresponds to a background pres-
dence of the relative specular He intendity, presents two sure of 5< 1012 mbar if we assume a sticking coefficient of
successive maxima before decreasing monotonically, as. For each measure the signal is recorded for about 150 s
shown in Fig. 1 (g is the specular He beam intensity of the before starting the deposition to have a measure of the con-
clean surface They correspond to the growth of the first two tamination. The measurements are then corrected to take into
epitaxial monolayers, in agreement with other auti®ile  account this pollution by describing it through a decreasing
have taken the time needed to complete the first monolayexponential.
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IV. RESULTS AND DISCUSSION . . . o
FIG. 6. Helium specularly reflected intensity for a deposition at

Figure 5 shows théattice-gas cross sectioE,g, i.e.,the Ts=80 K, compared to a Monte Carlo simulation of transient mo-
cross section measured by fitting the measured intensity withilities of one and six steps in random directions.
the lattice-gas formul&l) between 0 and 1% ML coverage.
This gives an effective cross section that varies with theder of hops in random directions. The result of this simula-
deposition temperatur&, comprised between 80 and 1000 tion is shown in Fig. 6 for one and six hops. Our analysis
K. indicates that each atom has to make up to six hops in order
The cross section is constant below 160 K, which showd0 obtain a perfect agreement between the calculated and
that in the time scale of the experiméitypically 10 9 the measured. signal. . - .
morphology of the surface does not change with temperature. The neighbor driven mobilitymodel takes into account
This means that the mobility of atoms and small particles ighe fact that the presence of an adatom or cluster on the
negligible in this temperature range. AboVe= 160 K, we surface modifies the_poten_tlal around it ano_l thus the _barrler
observe a rapid decreaseXf;, coming from the increasing _for the_ capture of an incoming adgtom. I.n this description all
mobility of the i-mers with temperature. Atoms group to- iNcoming atoms deposited at a given distance of an already
gether due to their high mobility and form bigger structures;€Xisting particle move toward it. This defines the capture
there are fewer point defects and a lower attenuation of théones that have been introduced previouskge Sec. Il B 1
reflected signal. In Sec. IV A we consider the measurementdnd Fig. 2.

at low temperature while the diffusion measurements at In order to decide which of the different capture zones
higher temperature are discussed in Sec. IV B. better describes the measure, we calculate the size distribu-

tion of the particles using Eq$3) and (4). Then we fit the
atomic cross section on the experimental points for a cover-
A. Static measurements age between 0 and 7% ML. Figure 7 shows the relative dif-

Figure 6 shows a typical deposition curve obtained at IovJerence b?“’vee” the fit and the measured intensity for e_ach
deposition temperaturdr(< 160 K). It is evident that it can- model. This analysis shows clearly that only the model with

not be fitted with the lattice-gas model, which implies that®"® stef(nearest-neighbor and next-nearest-neighborjses
' able to reproduce correctly the experimental measurements.

the distribution of atoms cannot be considered uniform. Irghe atomic cross section extracted from this fit is equal to
other words the aggregates are not formed statistically b
dareg Y X =20,=14.4+0.70pq 100~ 109+ 5 A2, The same result

incident atoms, but a mobility after impact has to be consid- 0)
ered. y P is observed for all depositions betwe@g=80 and 160 K,

Two different mechanisms have been proposed in the [it?VNich means that the modification of the potential respon-
erature to explain the mobility of adatoms on a surface a ible for.such a mobility is important. The parrler has to be at
temperatures low enough to prevent the thermal diffusion o ast twice lower than on a nude surface in order to explain
the atoms, the so-calletlansient mobility modeand what e occurrence of a mobility already 8=80 K.
we introduced as theeighbor driven mobility modgf

The transient mobilitymodel relies on the fact that the
energy of an incident atom before its thermalization is high This analysis indicates that our measurements are well
in comparison with typical diffusion barriers on a metallic reproduced either with a model allowing for six steps of
surface so that the adsorption energy is partially convertettansient mobility or by a model that considers the mobility
into kinetic energy parallel to the surface. To check if ourof neighbor atoms of one sifgong and short steps
measurements can be reproduced by taking in account such aSome experimental results have been explained with a
phenomenon, we wrote a Monte Carlo code where each atomansient mobility Abrams and Weids have observed a
deposited on the surface is permitted to make a given nuntransient mobility for Xe on F111) with STM atT,=4 K, a

1. Discussion
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Experimental data refer t6,=80 K andR=1/1043 ML/s. Ehrlict®®* confirm this idea. They show that the barrier in

the proximity of a cluster has to be 4 times lower than the

temperature at which the diffusion is frozen. Egelhoff andusual one to account for their low-temperature deposition
Jacol® proposed the same idea to explain oscillations of theneasurements.
RHEED signal at 77 K for the growth of Fe and Cu on In order to test this idea in the case of our system, we used
Ag(100); however, this explanation has been criticized anda molecular dynamic computer code using the embedded
completed after further investigations by other autibfe. atom method EAM) scheme! to calculate static diffusion

Experimental results as well as several numerical simulabarriers in the proximity of atoms or clusters on the surface.
tions tend, however, to show that there is no transient mobil- The substrate is composed of ten atomic layi©0
ity for deposition of metals on metals. Wang and Ehfifch orientation of a fcc crystdlof 50 atoms each. Periodic
showed with FIM measurements that atoms adsorb with aboundaries are set in theandy directions. Diffusion barri-
equal proportion on fcc and hep sites ofld 1) surface of Ir,  ers are computed by depositing on the substrate one or sev-
which do not have the same binding energy. They concluderal atoms and letting the system relax at 0 K. One of the
that atoms adsorb on the nearest site of the impact point; &toms is then displaced along a given pathxltsndy co-
there was a transient mobility atoms would preferably go orordinates are fixed while itz position is allowed to relax.
the energetically more favorable sites. Sanders andhe total energy of the system gives then the energy barrier
DePristd® by studying the homoepitaxy on differef@00)  along the chosen path.
surfaces of transition metals have come to the conclusion We find a calculated static diffusion barrier for a free Ag
that there is no transient mobility except for silver where theadatom on the surface of Bd0) equal toE4;=0.66 eV>2
effect is small. Blandin and Massob#?dfind that Ag atoms the calculated potential profile for an adatom approaching
deposited with an incident energy of 5 eV move a distance o&nother atom adsorbed on the surface is shown in Fig. 8. The
at most 5 A on RtL11). De Lorenzi and EhrlicH studied calculation gives a lowering of the diffusion barrier by about
the energy transfer for the adsorption of an atom on a crystéd%. Diffusion barriers for adatoms approaching small is-
by using Lennard-Jones potentials. They show that the erlands have also been studied extensively and show basically
ergy transfer is again very effective, only the atoms that exihat the reduction of the barrier is at most of 11%, which is
perience a head-on collision with a surface atom can show elearly insufficient to explain our data. These calculations
very small mobility. Stoltze and Nekov'’ showed that in  show also that the barrier to move an atom with a long bond
the case of the homoepitaxy of Qul1), the dissipation of (next-nearest-neighbor positionto form a short bond
energy is sufficiently quick that Cu atoms accommodate orfnearest-neighbor positipris about 35% lower than the
clusters constituted of three atoms. These results and tt@mple diffusion barrier. This justifies our choice of compact
high number of hops required to explain our results by astructures for the clusters in our model.
transient mobility lead us to conclude that this explanation It seems to be a general trend of the EAM calculation to
does not hold. show no substantial change of the diffusion barrier near a

The neighbor driven mobilitymodel, which assumes a step. Liu and Adamg® for example, calculated static diffu-
modification of the potential energy surface around an adasion barriers for diffusion of a Ni adatom near a step on
tom seems more realistic. However, as we have alread{111), (110), and (100) surfaces of Ni by using an EAM
pointed out, the modification of the potential has to be im-scheme. In the case of tH&00 surface the barrier is low-
portant to account for the measurement3 gt 80 K. Diffu- ered by about 5% compared to the free adatom. Foflth®
sion and deposition experiments reported by Wang andurface, the decrease is 30% to 60% for atoms in the third-
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FIG. 9. Simulation of Ag atoms deposited in the proximity ofa =
preexisting Ag atoriin black) on the surfacésurface Pd atoms in > abcde f g
white). The impact points are chosen randomly in the marked area. g 0.85 l -
Most of them stay in the site where they landed, however, some of @
them (~6%) move towards the preadsorbed Ag atom. Movements =
towards any other site have not been observed. 0.80F
neighbor position while atoms in the second-neighbor posi-
tion are not stable. This could qualitatively explain the re- 0.75 —
sults of Wang and Ehrlich the effect is, however, too low ;
to account quantitatively for their results since the observed ; | f
attraction implies still lower energy barriers. 0.70 - hoij -
To test for an eventuatombined effecof the transient ' ' ' ’ '
0 20 40 60 80

mobility and a deformation of the potential surface, we simu-
late depositions of Ag atoms on @®O0 in the presence of a Time [s]

preadsorbed Ag atom. The silver atoms are impinging with

normal incidence on a surface at 0(Knd at 80 K, which

turns out not to change the outcome of the simulafiems FIG. 10. Comparison between the experimental values and the
an initial energy of 0.16 eV. The initial positions have beenmodel calculationwith corrections: capture zones and memory of
chosen randomly in the unit cell represented on Fig. 9 Ir}he systemfitted on these experimental points. The fit parameters
order to obtain a reliable statistics, we performed 50 simu—ar?f';lczr::r’;z';gfurrneést’;gesnt; TS)"; zboeeK” (i‘;‘r;leg 2“{ d?tzdl'gerem
lated depositions. The atoms are accelerated towards the s@“-(e) 205 Kp(f) ZOOéE'( ) 105 K (h) 190 K (i,) 185 K ar;d(j) 180
face and gain 2.98-eV adsorption energy; they collide with ’ ' (9 ' ' '

the surface and dissipate their energy and the simulation is’

stopped once they are thermalized. Figure 9 shows the rep- . e
artition in the positions of the atoms at the end of the runsl?ace are captured by the adatom. This mobility is similar to

Some atoms have moved towards the already adsorbed at one reported b%’ Wa?fg gnd Ehrﬁég.ut tr;]is time a_silngle
on a neighbor site. This is the only mobility that is observed;2 atom seems to be sufficient to modify the potential energy

i.e., the incident atoms never move on other neighbor siteéurface seen by a sgcond adaf[om. . T
There is an effect, however, it is not in quantitative agree- Molecular dynamic calculations give qualitative insight

ment with the experiment: the model we used to explain ouftC the processes involved. The lowering of the diffusion
experimental data requires that all the incident atoms mov arrer due to.t.he presence of an adsorbate combined W't.h a
towards the adsorbed atom, while the simulation shows thdf2nsient mobility seems to be the most probable explanation
only 6% of the atoms move out of the unit cell in which they °F these experimental findings. Either of these two mecha-

impact, and these are the atoms which land close to the boP—isms taken indivi.dually would require ur)realistic assump-

der of the unit cell. t|on§ on the_ lowering Qf th_e p_otentlal barrier or on the ther-
We have then to conclude that the EAM calculations ardn@lization time of the impinging adatoms.

not quantitatively consistent with an explanation of our ex-

perimental results or those reported by Wang and EHflich B. Dynamical measurements

by a deformation of the potential surface. This could be ex-

plained by the inaccuracy of the EAM potentials at low

coordinatior?* Moreover the EAM scheme tends to overes-

timate the efficiency of energy dissipatithSlightly longer

relaxation times could sensitively increase the small amou

of moving atoms found in this calculation.

At a substrate temperature higher than 160 K, the ob-
served He intensity deviates more and more from the lattice-
gas behavior; the slope of the curve, and hence the apparent
I_iiross sectior®, ,, decrease with increasing temperat(gsee

ig. 5.

Figure 10 shows typical depositions. The signal decreases
with increasing coverage; at a coveragefef2.3% ML the
deposition is stopped and the signal raises again due to the

We have experimental evidence that there is a mobility oimobility of the atoms forming larger structures. The intensity
atoms at much lower temperature than the activation temas a function of time can be simulated with the kinetic model
perature for thermal diffusion and the measurements can bdeveloped above by computing the size distribution of par-
reproduced by considering that all silver atoms deposited in &icles[see Eqs(2) and(7) and the condensation on stépé
zone of about 6.1 A around a preexisting atom on the surwe assume that particles larger than the dimer are immobile

2. Conclusions
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FIG. 12. Arrhenius plot resulting from the fitted parametegr
The fitting of a straight lingcontinuous ling gives the following
0 diffusion parameters,=8x10° s~ andE4=0.37 eV.

0 20 40 60 80 100
the condensation on steps is small. This presents the double
advantage of giving a high variation of the reflected helium
beam and to be univoquge., that we do not have to con-

FIG. 11. Calculated particle size distribution for a typical depo- sider the difference between the growth of dendritic struc-
sition: the silver flux is switched on @=0 and turned off at a tures on the steps and big smooth islandsis is essential
coverage of~2.3% ML. A fit with the hopping frequencies of the since our investigation tool does not give a local view of the
monomer and dimer is performed and the resulting calculated insurface, such as, for example, STM.
tensity is shown in Fig. 1@®). Particle density is in units of surface There is to our knowledge no other experimental determi-
density of P@l00 sites (1.%10* cm™?), T,=200 K, pation of the diffusion parameters of Ag on (RE0. The
R=1/1043 ML/s. system Cu/PA.00) has been studied by Haffrwith STM

] ) ) and a diffusion barrier of 0.28 eV has been measured. LEED

(»=0 fori=3) and that the atomic cross sectidy has measurements on the homonuclear system Ry real-
the value determined above, we can fit the data points with,oq by Evans, Flynn-Sanders, and THiahow a barrier of
vy and v, as the only free parameters; the resulting com 5 ev if a preexponential factor of>51012 s~1 is sup-

puted intensity is represented in continous lines in Fig. 10555ed. Venables and co-workd&e measured a diffusion
The agreement with the data points is excellent. Figure 1} rier of 0.45 eV with a preexponential factor ok40!2
shows the densities of adparticles, the number of atoms cor—1 \4ith scanning electron microscopy. The values of the

densed on islands and on steps as a function of time for gittsion barriers calculated with molecular dynamics de-
deposition aff ;=200 K, and a flixR=1/1043 ML/s. These  hanq on the choice of potential: with the classical EAM po-
values result from a fit that gives a hopping frequency of thgantials we find a barrier of 0.66 elsee abovewhereas
adatomsy,=3.8 s™! for this particular case; the hopping Sanders and DePrigbfind 0.42 eV andi,=8x 102 s~
frequency of the dimers is found to be close to zero. with a corrected effective medium method; Perkins and
This procedure can be repeated for different temperatureg;epristob2 using the same potentials but allowing the sub-
the results of the fits are given in Fig. 10. We can then plotsyate to relax, find 0.5 eV angy=5x 102 571,
the logarithm of the frequency, i, versus 1T and obtain We realize that the preexponential factor we obtain is
the Arrhenius representation in Fig. 12. We can see that th@ery low. Actually we would expect it to be of the same
data points are on a straight I|r.1e in agreement with a model;qder of magnitude as the vibrational frequency of the ada-
of first-order thermal activation: tom (typically 10*— 1013 s~1), which could be understood
—E, as the attempt frequency for one hop. Small preexponential
V1 V01eX[{ )

Time [s]

(13) factors can be indications of complex diffusion mechanisms
such as exchand&?? however, this particular mechanism
- . seems to be excluded energetically by molecular dynamics
We obtain from the fit calculations’? It might also be that the limited range of tem-
vo=8x10° s71, E4=0.37+0.03 eV. (14) peratures in which we can measure the diffusion with helium
is at the origin of an error on the preexponential factor. Ac-
tually in the literature preexponential factors vary in a large
range(see, for example, TsoAgnd Bonz€)); the value we
extracted from our data is in this range.
The result of the fits shows that the dimer has a much
lower mobility than that of the monomer: we find that the
We restricted the analysis of our results to a range ohopping frequencieg, associated with the dimer are about
temperatures where the mobility remains low, in order to30 times smaller than the frequeney associated with the
maintain a regime of nucleation of small clusters and wheranonomer. However, this can be put into evidence only for

This result is obtained by using the correctiof@pture
zones and memory of the systediscussed above; however,
it depends only very slightly on these correctichs.

1. Discussion



54 SURFACE MOBILITY OF Ag ON P@100 MEASURED ... 17 049

the two highest temperaturd220 and 225 K for lower  approach and the geometrical overlap approach. This model
temperatures the mobility of the dimer is too low to be de-allows one to extract the hopping frequencies of the mono-
tected. The number of measured points is limited by the narmer and dimer by fitting the theoretical curve to the attenu-
row temperature range where both diffusion characteristigition of the specularly reflected He beam.

times of the monomer and dimer coincide with the measure- A diffusion barrier ofE4;=0.37+£0.03 eV with a preex-
ment characteristic times and the domain of validity of ourponential factor ofr,=8x10° s ! is deduced by analyzing
model. This number is thus too low to get quantitatively theof the deposition curves at a substrate temperature varying
dynamical parameters for the diffusion of the dimer. It has’betweenTs= 180 and 225 K. The results are in fairly good

however, to be emphasized that the fits clearly indicate %greement with different molecular dynamics simulations.

lower mobility for the dimer than for the monomer: fits on o gimer seems to have a lower mobility than the mono-
the same data points by forcing=»,; and by leavingv, mer

free reproduce only very badly the deposition curves. A"~
similar difference between the diffusivity of atoms and

dimers has been measured by Ehfliah the case of Ir on
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