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A set of rate equations is presented that allows one to predict stacking-fault probabilities and island number
densities in homoepitaxial growth. This set is shown to accurately reproduce the available experiments for
homoepitaxial growth on Irs111d. Moreover, based on an analysis of the atomistic data describing stacking and
diffusion on fccs111d surfaces, three model cases are studied. They yield surprising insights into the importance
of cluster mobility for stacking-fault island formation.
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I. INTRODUCTION

The face-centered-cubicsfccd and hexagonal-close-
packedshcpd crystal structures, as well as the homologous
zinc-blende and wurtzite crystal structures with a two-atom
base, differ only in the stacking sequence between successive
dense-packed layers. The stacking sequence for the fcc and
zinc-blende crystal structures isABCABCin the f111g direc-
tion, whereas for hcp and wurtzite crystal structures it is
ABAB in the f0001g direction. Errors in the stacking
sequence—stacking faults—are frequently formed during
textured or expitaxial thin-film growth and may strongly af-
fect mechanical, electronic, optical, and magnetic properties
of the film. Examples relate to the growth of GaN films,1,2

epitaxial growth of ZnSe on GaAss001d,3,4 Pt on Nis111d,5
BN on Nis111d,6 and Co on Ws110d7,8 and on Cus111d.9,10

Even in homoepitaxy stacking faults are formed. Among the
known systems are Si/Sis111d,11,12 Ag/Ags111d,13–15

Cu/Cus111d,16,17 and Ir/ Irs111d.18–20

In a recent paper, we developed an atomistic model able
to explain qualitatively the temperature dependence of
stacking-fault formation in homoepitaxy on Irs111d.18 At a
given temperature the equilibriumsBoltzmannd distribution
of the largest mobile cluster over regular and faulted sites
determines the distribution of large stable islands in the two
stackings: the largest mobile cluster will be immobilized by
the addition of an adatom and remain in the initial stacking
during subsequent growth.

Rate equations have been widely used to model nucle-
ation and growth processes on surfaces. Initially rate equa-
tions were employed to describe nucleation on homogeneous
surfaces with an uniform distribution of equivalent adsorp-
tion sites.21,22Successive modifications have spread out their
application scope to more complex phenomena, such as
nucleation and growth in the presence of island-edge
barriers,23 impurities,24,25 nonlocal adatom-adatom
interactions,26,27 and surface reconstruction.28,29 To solve the
problem of stacking-fault nucleation we expanded the rate-
equation approach to take the two inequivalent adsorption
sites into account and reached quantitative agreement be-
tween measurements and experiments for the temperature
dependence of stacking-fault formation.18

Here we present the full details of this approachsSec. IId
and demonstrate its power by comparison to the experimen-

tal results for temperature and flux dependence of the total
island number densities as well as temperature and flux de-
pendence of the stacking fault probability in homoepitaxial
growth on Irs111d sSec. IIId. In Sec. IV we construct a
fccs111d model system allowing us to explore the roles of
stacking-fault energy and cluster mobility in the kinetics of
stacking-fault formation with the help of rate equations. The
conclusions of this investigation are qualitatively confirmed
by comparison to the known experimental data.

II. RATE EQUATIONS FOR STACKING-FAULT
NUCLEATION

In this section we develop a formal description for nucle-
ation in the presence of two inequivalent adsorption sites
with the help of rate equations. Without loss of generality, we
will consider here the fccs111d surface with regular threefold
coordinated adsorption sitessfcc sitesfd and irregular three-
fold coordinated adsorption sitesshcp siteshd. Adatoms
move by passing alternatingly overf and h sites, implying
jumps over two different kinetic barriers:Ed,1

f for jumps
starting from anf site andEd,1

h for jumps starting from anh
site. The larger of the two activation energiesEd,1

s sstacking

type s= f ,hd is linked with the lower oneEd,1
s8 ssÞs8d by the

binding energy difference of the adatom in the two adsorp-

tion sitesEd,1
s8 =Ed,1

s − uDEb,1u.
Adatom clusters on the fccs111d surface are built out of

adatoms in sites separated by the in-plane lattice parameter
ann such that each cluster has a specific stacking types. Al-
though the actual diffusion mechanisms of clusters on
fccs111d surfaces are complex,30,31 we assume here clusters
as rigid objects that move as a whole by jumps from one
local minimum in the potential energy landscape to the next
one, alternating betweenf and h stacking. For the problem
under concern and cluster sizes up to heptamers this assump-
tion is the simplest possible, reasonable assumption to ap-
proximate the rate of change betweenf and h sites and the
global cluster motion.32 As for adatoms, in this description
the activation energies of jumps for a cluster of sizei out of

the two inequivalent sites are linked byEd,i
s8 =Ed,i

s − uDEb,iu.
According to transition state theory we thus define the jump
rate of adatoms and clusters out of a specific stacking types
as
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ni
s = n0,i

s e−Ed,i
s /kBT, s1d

wheren0,i
s is the attempt frequency prefactor,T is the tem-

perature, andkB is the Boltzmann constant. Formally, we
may link to these rates diffusion coefficients of adatoms and
clusters in a specific stacking

Di
s =

n0,i
s afh

2

4
e−Ed,i

s /kBT, s2d

whereafh=ann/Î3 is the jump width, i.e., the distance be-
tween two adjacent and inequivalent adsorption sites. The
quantitiesni

s andDi
s, needed below for insertion into the rate

equations, require the knowledge ofn0,i
s andEd,i

s , which are
generally not accessible to experiment. How reasonable esti-
mates of these quantities can be obtained will be outlined in
the following sectionsscompare also Ref. 32d.

Besidesni
s and Di

s, the dissociation ratesG2
f and G2

h for
dimers in the respective stacking also enter the rate equa-
tions. We neglect dissociation of clusters larger than dimers,

as on fccs111d surfaces their dissociation becomes significant
only at high temperatures. For these temperatures even on
large terraces no more islands nucleate, i.e., no experimental
data are available for comparison to the calculation. Other
parameters in the rate equations are the capture numberssi
of clusters of sizei, which are assumed to be equal for both
types of stacking. We use the following capture numbers for
all calculations:si =3 for i ,8 and si =sx=7 for i ù8 as
simple yet reasonable approximations.22,33 Finally, the frac-
tional coverage of the surfaceQ and the deposition rateF
enter, which are taken identical to the experiments to which
the calculation is compared. Clusters with stackings above a
size i ù8 are considered immobile and counted together in
nx

s. This strong assumption limits the applicability of our
model with respect to high temperatures, where clusters with
i ù8 might be mobile. On the other hand, it keeps the num-
ber of rate equations and also the number of required experi-
mental input parameters limited. All this leads to four ex-
pressionssi =1,i =2,2, i ,8,i ù8d, which describe the time
evolution of the density ofi-size clusters with stackings

dn1
s

dt
=

Fs1 − Qd
2

− s1n1
sD1

s8n1
s8 − D1

sn1
so

j=1

7

s jnj
s8 − D1

sn1
ssxnx

s8 + o
p=f,h

G2
pn2

p − n1
sn1

s + n1
s8n1

s8, s3d

dn2
s

dt
= − s2n2

so
j=1

2

Dj
s8nj

s8 − D2
sn2

so
j=2

7

s jnj
s8 − D2

sn2
ssxnx

s8 + D1
s8n1

s8s1n1
s − G2

sn2
s − n2

sn2
s + n2

s8n2
s8, s4d

dni
s

dt
= − sini

so
j=1

i

Dj
s8nj

s8 − Di
sni

so
j=i

7

s jnj
s8 − Di

sni
ssxnx

s8 + o
j=1

iDIV2

Dj
s8nj

s8si−jni−j
s − ni

sni
s + ni

s8ni
s8, s5d

dnx
s

dt
= o

k=4

7

sknk
s o

j=8−k

k

Dj
s8nj

s8. s6d

Equation s3d describes the time variation of monomers
with stackings. The terms on the right-hand side account for
deposition with rateF, neglecting the adsorption on already
occupied sitessthe factor1

2 takes care of the two inequivalent
adsorption sitesd; for s8-monomer attachment tos monomers
ssÞs8d; for s-monomer attachment to monomers or to larger
clusters of stacking types8 and sizei ,8 snote that only
association between monomers or clusters with different
stacking is feasibled; for s-monomer attachment tos8-type
clusters of sizei ù8; for dimer dissociation creating two
monomersshere we assume dimer dissociation of a cluster
with stackings to yield both ans and ans8 monomerd; and
for jumps between the inequivalent binding sites. The most
important extension of the rate equations is given by the last

two terms,n1
sn1

s andn1
s8n1

s8, which correspond to the loss and
gain of adatoms of stackings by jumps out ofs and intos
sites, respectively. Finally, we note that in our previous

work,18 a version of Eq.s3d with additional, incorrect terms
was given. However, the quantitative results presented in
Ref. 18 deviate only marginally from the correct calculations
presented below.

The general equation for mobile and stable clusters is
given by Eq.s5d in which the terms of the right-hand side
describe the capture of smaller or equal-sizes8 clusters, the
attachment of the cluster to an equal sizes8 cluster or to a
larger one of sizei ,8, the attachment of the cluster to ans8
cluster of sizei ù8, the formation of clusters by aggregation
of smaller ones that take over the stacking state of the cap-
turer fhereiDIV2= i /2 for i even andiDIV2= si −1d /2 for i
oddg, and the jump ofs-type ss8-typed clusters tos8 sitesss
sitesd.

Equations4d for the time variation of the dimer density
contains the same processes as specified above for Eq.s5d,
but has, in addition, the dimer dissociation term included.
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The time variation of immobile and stable clusters is
given by Eq.s6d, which takes into account all the association
processes, resulting in clusters bigger than heptamers with
stackings.

III. APPLICATION TO HOMOEPITAXY ON Ir(111)

For homoepitaxial growth on Irs111d the total adatom is-
land density nx=nx

f +nx
h and the stacking-fault nucleation

probability given by the rationx
h/nx

f were measured over a
broad temperature and deposition rate range18,34 as shown in
Figs. 1 and 2sfull symbolsd. Here we demonstrate that these
data may be reproduced very well by numerical integration
of the 16 rate equations specified in Sec. II.

As a first requirement for the solution of the rate equa-
tions, the atomistic input datan0,i

s , Ed,i
s , and G2

s are needed.
The adatom diffusion parametersn0,1

h , n0,1
f , Ed,1

h , and Ed,1
f

were directly measured by field ion microscopy.35 From field
ion microscopy also the global diffusion coefficientsDi
=D0,ie

Ed,i/kBT for cluster sizes 2ø i ø7 are known.30,31 In ad-
dition also the distribution of clusters overf andh sites was
measured for cluster sizes 2ø i ø4 sRef. 31d, yielding the
free energy differenceDFi betweenf andh sites. For cluster
sizes 5ø i ø7 the binding energy differenceDEb,i has been
estimated.18,32From these measurements the desired data are
obtained as follows: the larger of the two activation energies
Ed,i

h andEd,i
f is set identical to the effective, measured value

Ed,i; the smaller one is obtained by subtractingDFi sor
DEb,id. The attempt frequency prefactorsn0,i

h andn0,i
f are both

set identical to an effective prefactorn0,i which is obtained
by estimatingn0,i =4D0,i /ann

2 . Finally, the experimental,34 ef-
fective dissociation rateG2=n0,disse

Ediss/kBT is used as the dis-
sociation rate of the easier process, whereas for the more
difficult process the free energy differenceDF2 is added to
Ediss. These approximations are less crude as they may ap-
pear at first sight and are discussed in detail in Ref. 32. The
actual data used can be read from Table 1 of Ref. 18. Finally,
for the solution of the rate equations,F andQ were set to the
experimental values.

Comparison of the calculationssopen symbolsd to the ex-
perimental datasfull symbolsd is made in Figs. 1 and 2. As
can be seen in Fig. 1, the calculated total island number
density nx agrees very well with the measured one for all
temperatures and fluxes. Figure 2sad was already reproduced
in Ref. 18 and shows the agreement of calculation and ex-
periment for the ratio of faulted islands to regular islands in
dependence of temperature. According to the construction of
the rate equations, at high temperatures the calculated ratio
betweenh and f islands must approach the Boltzmann dis-
tribution of the largest cluster being able to become mobile.
In the present case the largest cluster becoming mobile is the
heptamer. It is seen in Fig. 2sad that the calculated values for
nx

h/nx
f approach the Boltzmann distribution of the heptamer

fdotted line in Fig. 2sadg at 550 K. This temperature, thus,
represents the high-temperature limit of validity for our cal-

FIG. 1. sad Temperature dependencesF=0.013 ML/sd and sbd
rate dependencesT=330 Kd of the total island densitynx in Irs111d.
Black symbols correspond to the experimental data and open sym-
bols to the solution of the rate equations.

FIG. 2. sad Temperature dependencesF=0.013 ML/sd and sbd
rate dependencesT=330 Kd of the stacking-fault probability in
Irs111d. Black symbols correspond to the experimental data and
open symbols to the solution of the rate equations. Dotted line
corresponds to the Boltzmann distribution of the heptamers.
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culations. Finally, Fig. 2sbd exhibits the calculations for the
flux dependence of the ratio of faulted island to regular is-
lands at 330 K. While the calculations reproduce the experi-
mental trend, the overall agreement is only moderate due to
scatter of the experimental data. It should be noted that vary-
ing the deposition rate by two orders of magnitude only
changes the probability of stacking-fault formation by less
than a factor of three, whereas changing the temperature has
a much more pronounced effect. Therefore, we will in the
following concentrate on the temperature dependence of
stacking-fault formation.

We have also performed additional calculations neglect-
ing dimer dissociation. The results for the stacking-fault
nucleation probability show only negligible changes. At the
temperature of dimer dissociation even the largest mobile
cluster considered in our calculations—the heptamer—is
mobile. Thus, dimers dissociate only at such high tempera-
tures, where the validity of our calculations for the prediction
of the stacking-fault probability is anyway hampered by the
artificial cutoff in the cluster mobility ati =8. Additionally
we found that the terms in Eqs.s3d–s6d, which largely deter-
mine the island densities for each type of clustersf andhd,
are those related with the jump of clusters between thef and
h sites and those where monomer diffusion is involvedsi.e.,
association of monomers with other monomers or clustersd.
This is expected because, first, exchange of clusters between
both stacking sites is a process needed to account for differ-
ent stacking probabilities, and second, monomers have the
largest diffusion coefficients and, consequently, these pro-
cesses give rise to the largest rates. The rest of the terms can
be neglected without significantly changing the accuracy of
the model predictions.

IV. DEPENDENCE OF STACKING-FAULT NUCLEATION
ON FAULT ENERGY AND CLUSTER MOBILITY

In this key section, the rate-equation approach developed
in Sec. II will be used to explore the kinetics of stacking-
fault formation. To this purpose an fccs111d model system is
constructed. The properties of the model system will be de-

rived in a realistic manner from the current knowledge on
binding energy differences betweenf andh sites and cluster
mobilities for fccs111d surfaces. The model system will be
used as a vehicle to move, in a meaningful way, through the
available parameter space. However, it does not represent
any actual material.

In a first step we try to gain an understanding of how the
binding energy differencesDEb,i typically depend on the
cluster sizei for fccs111d surfaces. In Fig. 3 the cluster-
binding energy difference per atomDEb,i / i is plotted against
the cluster sizei snote also the axis break afteri =7d. The
difference in binding energy per atom for a complete mono-
layerDEb sor stacking-fault energyd was assumed to be equal
to the bulk twin-fault energysif available the experimental
value for this quantity was usedd. We note that a surface
stacking fault presents a situation closer to a bulk twin fault
than to an intrinsic or extrinsic stacking fault that consists of
two correlated stacking faults. Consequently, we expect that
the twin-fault energy approaches better to the difference in
binding energy per atom for a complete monolayer, as it was
obtained for Irs111d in support of our assumption.19,36For the
case of Ir, the difference in binding energy per atomDEb,i / i
depends strongly on the cluster size and even changes the
sign. Adatoms strongly preferh sites, trimer atoms are found
with equal probability onh and f sites, and atoms in larger
clusters energetically prefer the regularf sites more and
more. As pointed out by Papadiaet al.37 with increasing
d-electron filling for transition metals, a change from hcp to
fcc stacking occurs. For elements having ad-electron filling
just sufficient to establish fcc stacking in the bulk, adatoms
and small clusters experiencing a smaller effectived-electron
density than the bulk still prefer theh sites. Though Ir is the
only case where this behavior has been measured
experimentally,31 recent ab initio calculations indicate the
same behavior for Rh,38 which is also located at the bound-
ary between hcp and fcc stacking. For elements with
d-electron filling well above the hcp-fcc boundary a different
behavior seems to be more typical. As suggested by the cases
of Pt and Cu in Fig. 3, for these elements the difference in
binding energy per atom appears to be largely independent
from the cluster size and close to the stacking-fault energy

FIG. 3. Cluster size dependence of the difference in binding
energy per atomDEb,i / i for Ir,18,31,35,39Pt,40 and Cu.41 The values
for a complete monolayersML d are the bulk-twin fault energies
taken from Ref. 36 for Ir, from Ref. 42 for Pt, and from Ref. 43 for
Cu ssee textd.

FIG. 4. Stacking-fault energysRefs. 36, 42, 43, and 45d vs ac-
tivation energy for monomer diffusionsRefs. 30, 41, and 46–52d for
some selected fcc metals. Open squares denote the three studied
cases.
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DEb. For the model system, we will consider this simpler and
probably more frequent case and assumeDEb,i= iDEb.

In a second step we need to obtain an overview on the
parameter space of stacking-fault energies versus cluster mo-
bilities. In order to make the available data for the different
materials comparable, they need to be normalized to the re-
spective cohesive energiesEcoh.

44 For the cluster mobilities
we choose, for lack of better knowledge, the activation en-
ergy of adatom diffusionEd,1 as an indicatorssee also be-
lowd: a low shighd scaled activation energy of adatom diffu-
sion is assumed to indicate lowshighd activation energies of
cluster diffusion. As above for the stacking-fault energyDEb,
we use the twin-fault energysagain, if available, the experi-
mental valued. Figure 4 gives a survey ofDEb/Ecoh versus
Ed,1/Ecoh for selected fccs111d surfaces. Based on this data
representation one may distinguish two groups of metals
with low sCu, Ag, Nid and highsAl, Rh, Ir, Ptd stacking-fault
energy, while the mobility decreases from Cu at the high-
mobility side to Ni at the low-mobility side. To explore this
parameter space we choose for the model system three dif-
ferent situations denoted by I, II, and III in Fig. 4: Case I
represents large stacking-fault energy and low mobility
sDEb/Ecoh=0.01 and Ed,1/Ecoh=0.043d; case II, small
stacking-fault energy and low mobilitysDEb/Ecoh=0.0025
and Ed,1/Ecoh=0.043d; and finally case III, small stacking-
fault energy and high mobilitysDEb/Ecoh=0.0025 and
Ed,1/Ecoh=0.01d. By varying independently both parameters,
their influence on the stacking-fault nucleation can be stud-
ied.

Before starting to solve the rate equations for the three
casessI, II, and IIId constructed above, in a third step we
need to specify explicitly the cluster mobilities. The global
cluster diffusion coefficients, activation energies, and attempt
frequency prefactors were measured experimentally only for
Irs111d and Pts111d.30,31,53 In order to make the activation
energies comparable we work with a single, generalized at-
tempt frequencyn0=531012 s−1. This value forn0 is around
the average of the measured cluster diffusion attempt
frequencies30,31,53 and matches in the temperature range of
interest the universal prefactorkBT/h of transition state
theory. We calculated effective activation energiesEd,i

eff by
defining Ed,i

eff=kBT1,i ln n0 for both systems. Here,T1,i is the

temperature at which thei cluster has a jump rateni =1 s−1,
and T1,i is calculated from the measured values ofEd,i and
n0,i. Note that atT1,i, where the mobility of the cluster be-
comes relevant, the jump ratesni andni

eff calculated with the
measured and effective values coincide. The effective activa-
tion energiesEd,i

eff for Ir and Pt are represented in Fig. 5sblack
symbolsd. Both materials show the same trend, so we use the
average of both data sets as effective activation energiesEd,i

eff

for the low-mobility cases I and IIsopen squares in Fig. 5d.

FIG. 5. Normalized effective activation energiesEd,i
eff /Ecoh of

cluster diffusion for Irs111d and Pts111d and for the low-mobilitysI
and IId and high-mobilitysIII d model casesssee textd.

FIG. 6. Temperature dependence of the stacking-fault probabil-
ity for the three model casessI, II, and IIId. Full line: solution of
rate equations with the heptamer being the largest cluster becoming
mobile. Dotted line: Boltzmann distribution of the heptamer.
Dashed line: solution of rate equations with the 10-atom cluster
being the largest cluster becoming mobile. Dash-dotted line: Bolt-
zmann distribution of the 10-atom cluster.
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The effective activation energies for the high-mobility case
III are obtained by scaling down the previous activation en-
ergies by a factor of 4.3, such that the conditionEd,1

eff /Ecoh
=0.01 is fulfilledsopen circles in Fig. 5d. From these two sets
of diffusion barriersEd,i,

eff , we compute the diffusion barrier
for every adsorption site in the model system asEd,i

eff,f =Ed,i
eff

andEd,i
eff,h=Ed,i

eff− iDEb. Finally, we neglect dimer dissociation
in the model system. Now we are ready to numerically inte-
grate the set of 16 equations for the three selected situations.

Figures 6sad–6scd display the results of our calculations
for the three casessI, II, and IIId. In each figure the full line
represents the stacking-fault probabilitynx

h/nx
f and the dotted

line, the Boltzmann distribution for the heptamer. Despite the
different scales ofx andy axes, the three stacking-fault prob-
ability curves exhibit a similar shape characterized by three
ranges. At low temperatures the stacking-fault probability
decreases rapidly, stays on a base level at intermediate tem-
peratures, and eventually approaches the Boltzmann distribu-
tion of the heptamers at high temperatures. To get a deeper
physical insight into the results, we recall18 that at a given
temperatureT the stacking-fault probabilityP is roughly
given by

P =
nx

h

nx
f < e−si†DEb/kBTd, s7d

wherei† denotes the size of the largest mobile cluster at this
temperature. Althoughi† strictly represents natural numbers,
in this oversimplified treatment it may be considered as a
continuous function determined by some effective diffusivity
of the relevant mobile clusters. The particular shape of the
stacking-fault probability curves depends on the specific dif-
fusion barriers we chose in each case. The common feature
to all cases is that, due to the limitation of the number of
cluster diffusion coefficients taken into account, the hep-
tamer stays the largest mobile cluster beyond a critical cutoff
temperatureTc. Thus forT.Tc our calculated stacking-fault
ratio approaches to the Boltzmann distribution of the hep-
tamer.Tc, thus, defines the limit of validity of our calcula-
tions. We also tested the effect of taking into account an
increased number of clusters. By linear extrapolation of the

activation energies fromEd,4
eff to Ed,7

eff scompare Fig. 5d we
obtained effective activation energies for cluster sizes up to
i =10. The resulting solution of the rate equations is plotted
in Fig. 6sad as dashed line, which approaches at high tem-
peratures the Boltzmann distribution of the 10-atom cluster
shown as dotted dashed line. The effect of extending the
range of mobile clusters is essentially to extend the tempera-
ture range of the base level toward higher temperatures. We
note, however, that the used effective activation barriers for
cluster sizesi ù7 is just a reasonable assumption with no
physical basis. Other assumptions would influence our re-
sults differently. We additionally note that, as can be read
from Fig. 6sad, Tc for the heptamer solutionsheptamer is the
largest mobile clusterd is given as the temperature at which
this solution starts to deviate from the 10-atom cluster solu-
tion s10-atom cluster is the largest mobile clusterd. Finally, in
the calculations we assumed random deposition of the mono-
mers on the two types of sites, yieldingnx

h/nx
f =1 at tempera-

ture below the onset of monomer diffusion. Assuming tran-
sient mobility one might argue as the alternative limit for the
monomers to obey a Boltzmann distribution even beyond the
onset of thermal mobility. This difference influences the re-
sults only for temperatures below the onset of dimer mobil-
ity. In the temperature ranges, in which the calculations are
displayed in Figs. 6sad–6scd, both assumptions yield identical
results.

In the following we want to focus in the discussion on a
comparison of the base levels for the three casessI, II, and
III d represented by Figs. 6sad–6scd. For case Ishigh stacking-
fault energy and low mobilityd, the base level of the
stacking-fault probability is about 10−7 and stays within this
range untilTc. For case IIslow stacking-fault energy and low
mobilityd, the stacking-fault probability in the base level
stays around 0.1. It is not surprising that a lowerDEb leads to
higher probability for stacking-fault formation. At a given
temperature, due to identical mobilities, the numbersi† for
the two cases are identical. We obtain with Eq.s7d that

PI /PII <e−i†sDEb
I −DEb

IId/kBT, where the I and II denote the re-
spective numbers for the two cases. Apparently, withDEb

I

.DEb
II the ratioPI /PII becomes much smaller than unity as

seen also by comparison of Figs. 6sad and 6sbd. For case III

TABLE I. Results for different materials: Normalized stacking-fault energyDEb/Ecoh, normalized activation energy for adatom diffusion
Ed,1/Ecoh; temperatureTexp at which the stacking-fault probabilityPexp has been experimentally measured; and temperatureTRE at which the
stacking-fault probabilityPRE is calculated by the rate-equation approach.

DEb/Ecoh Ed,1/Ecoh Texp sKd Pexp TRE sKd PRE

Pt 0.0114 0.0435 .150 no SFa 169 <10−7

Ag 0.0024 0.0329 120 0.04b 120 0.16

220 0.25c 220 0.16

Cu 0.0023 0.0106 286 no SF on flat surfaced 40 <10−8

215–400 0.2–0.7 on stepped surfacee

Al 0.0097 0.0118 .68 no SFa

aReference 55.
bReference 54.
cReference 14.
dReference 17.
eReference 16.
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the stacking-fault probability in the base level is again low,
around 10−8. This appears surprising at first glance, because
for case III the same low stacking-fault energy as in case II is
used. The difference of seven orders of magnitude in
stacking-fault probability is apparently only due to the in-
creased cluster mobilities. With the help of Eq.s7d this can
be understood as follows. For a given temperature, for the
high-mobility case III, the largest mobile cluster is much
larger than for the low-mobility case IIsi.e., i†,III @ i†,IId. Thus
we obtain PIII /PII <e−si†,III−i†,IIdDEb/kBT, a number much
smaller than unity, as is also apparent by comparison of Figs.
6sbd and 6scd. Comparing the effect of stacking-fault energy
to the effect of cluster mobility, we find that a variation by a
factor of about four in the associated energetic parameters
gives a similar effect on the stacking-fault probabilitiess6–7
orders-of-magnitude variationd. Therefore the effect of clus-
ter mobility is equally important for stacking-fault island for-
mation as the effect of stacking-fault energy.

Comparison with measured data shows that the calcula-
tion results are in qualitative agreement with the experimen-
tal findings ssee Table Id. For the system Ag/Ags111d
stacking-fault formation is observed experimentally.14,54This
system is close to the model case II, for which the rate equa-
tions also predict significant stacking-fault island formation.
No stacking-fault formation is predicted for a system like
Pt/Pts111d similar to model case I, as verified
experimentally.55 We should remark that the system
Ir/ Ir s111d does not behave like the model case I due to the
unlike behavior of the difference in binding energy per atom

with the cluster sizessee Fig. 3d. For a system with high
stacking-fault energy and high mobility both factors disfavor
fault island formation. Therefore it is no surprise that for
Al/Al s111d stacking faults were never observed.55 Some-
what unclear is the situation for Cu/Cus111d. This system is
close to our model case III, for which essentially no
stacking-fault islands are predicted. On nominally flat
Cus111d with miscut angle below 0.1° indeed no stacking-
fault islands were observed in an STM study,17 whereas a
thermal energy atom-scattering study16 finds significant
stacking-fault formation on a sample with a miscut angle of
,1°. Possibly for Cu/Cus111d steps play a crucial role in
stacking-fault formation, an effect which is not included in
our model.

V. CONCLUSIONS

In conclusion, a rate-equation approach was shown to ad-
equately predict the kinetics of stacking-fault island forma-
tion for unreconstructed fcc metal surfaces. Using the atom-
istic input data for the Ir/ Irs111d system excellent agreement
between measurements and calculations for flux and tem-
perature dependence of island densities and stacking-fault
probabilities is obtained. The study of three model cases,
covering the known parameter space of stacking-fault energy
and cluster mobility for fccs111d metals, shows that a low
stacking-fault energy and a low cluster mobility are equally
important factors favoring stacking-fault island formation.
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