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Self-diffusion of adatoms, dimers, and vacancies on Q00
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We useab initio static relaxation methods and semiempirical molecular-dynamics simulations to investigate
the energetics and dynamics of the diffusion of adatoms, dimers, and vacancie€l00)Quis found that the
dynamical energy barriers for diffusion are well approximated by the staticbarriers and that prefactors do
not depend sensitively on the species undergoing diffusion. dinenitio barriers are observed to be
significantlylower when calculated within the generalized-gradient approximdtB®A) rather than in the
local-density approximatiofLDA). Our calculations predict that surface diffusion should proceed primarily
via the diffusion of vacancies. Adatoms are found to migrate most ewgisilg jump mechanism. This is the
case, also, of dimers, even though the corresponding barrier is slightly larger than it is for adatoms. We
observe, further, that dimers diffuse more readily than they can dissociate. Our results are discussed in the
context of recent submonolayer growth experiments oflC0. [S0163-18207)01836-3

I. INTRODUCTION technique is limited to a few materials, namely, W, Ir, Ni,
Rh, and Pt. Indirect measurements are also possible, whereby
Over the years, thin-film growth techniques have becomehe saturation island density is measured using, for instance,
pivotal in the development of new materials and devices. Irscanning-tunneling microscopy or low-energy electron dif-
spite of this, it remains extremely difficult, even impossible, fraction, then related to the diffusion coefficient using rate
to predict the morphology of the films that would result from equations’ The problem with such an approach lies, pre-
a particular set of experimental conditions—temperaturegisely, in the relation between island density and diffusion
pressure, deposition flux, etc.—even for simple homoepicoefficient (the “scaling relation’): While it is clearly de-
taxial systems. This state of affairs is due in large part to théined when only single adatoms are mobile, it has been
fact that growth is determined mainly by kinetic, rather thanshown to become very complicated when larger clusters are
equilibrium, effects. Since the kinetics of surfaces is deterinvolved*® thus making it extremely difficult to assess their
mined principally by the diffusion of atoms, either isolated relative contribution.
(adatomgor grouped in small clustefglimers, trimers, etg, In this context, it becomes important to augment the ex-
it is of utmost importance to understand in detail the diffu-perimental measurements with detailed, accurate, calcula-
sion mechanisms that are involved in a given temperaturéions of the diffusion constants based on realistic structural
range and the rate at which they will proceed. The requiregnodels. This is the route that we follow here. More specifi-
information is contained in the temperature-dependent diffucally, we use state-of-the-art simulation methods to calculate

sion coefficient and this is the quantity we focus on. the diffusion coefficients of Cu adatoms and dimers, as well
By definition, the diffusion coefficienD, is given by the  as vacancies, on the Ci00) surface. Two distinct computa-
Einstein relation tional approaches are used: First, molecular-dynaiifiti3)
5 simulations, based on the semiempirical embedded-atom
D lim (R(D?) o method(EAM), are carried out; this provides us with quali-
2dt tative knowledge of the processes involved during diffusion,

t—oo

as well as quantitative information on the diffusion coeffi-
where(R(t)?) is the mean-square displacement of the par<ients for various mechanisms, in particular, the prefactors.
ticle undergoing diffusion and is the dimensionality of the This is extremely important since only dynamical simula-
space in which the process is taking place. The diffusiortions can provide accurate values for the prefactors, which
coefficient is also often expressed in the Arrhenius form  can vary significantly as a function of the barrier heigyfihe
activation energies, in contrast, can be calculated accurately
—Ea using static(0 K), energy-minimization methods, as we will
D=Do ex;{ kB_T) 2 demonstrate. In order to go beyond the approximate EAM,
we have performed, second, detaibdalinitio calculations of
whereDy, is a “prefactor,” kg the Boltzmann constant, the  the energy barriers. Calculations were done within the frame-
absolute temperature, arg), the activation energy or bar- work of density-functional theor{, using both the all-
rier. This form is rigorously valid in the limiE,>kgT.? electron(AE), full-potential, linear-muffin-tin-orbital method
Experimentally, it is possible to measure directly the dif- (FP-LMTO),2 and the now-standard pseudopotential-plane-
fusion constant by following the displacement of adatéors  wave(PP-PW approacH. In the latter case, since it has been
small clustersover time using field-ion microscop§IM).2  shown that the inclusion of gradient corrections to the
However, because of the high imaging field required, thisexchange-correlation energy leads to a significant improve-
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sion coefficient for an adatom moving along a step in order
to understand the shape of islands(@00) terraces.

Our LDA calculations of the energy barrier for adatom
diffusion corroborate the previous study, also within LDA,
by Lee etal;'? however, we find the barrier to be
significantlyreduced when calculated within the GGA, thus
bringing it much closer to the experimental value. In any
case, the preferred mechanism for diffusion is found to be
hopping. We find the barrier for dimer diffusion to be close
to that for the adatom, but lower than that for dimer disso-
ciation. We also find that vacancies are more mobile than
adatoms and that diffusion of adatoms along a step proceeds
much more rapidly than on a terrace so that the island shape
during growth should be close to equilibrium. Prefactors,

finally, do not depend sensitively on the species undergoing
diffusion. These findings are discussed in the context of re-
cent growth experiments performed on this systém°
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OO0 OO0 000 As mentioned already, the atoms in the MD simulations
were assumed to interagia the EAM potential proposed by
FIG. 1. The various diffusion processes studied in the presentoiles, Baskes, and Dafv;the optimized parametrization of
work; J and X refer to jump and exchange, respectively. Adams, Foiles, and Wolf&t was used. Although this model
has been fitted to bulk properties, it has been applied suc-
cessfully to the study of various surface phenonfEna.
For the MD calculations on the fl&t00) surface, we used

II. COMPUTATIONAL DETAILS

A. Semiempirical calculations

ment over the usual local-density approximati®ubA) for

3d met"’_llsl'Ml mo;t calculathns have been performed in thea geometry and a procedure similar to our previous study of
generalized-gradient approximati¢GGA); some LDA re-  ,qatom diffusion on Ag and Au surfac&sThe surfaces
sults_ are nevertheless presented in order to compare with\gqre approximated by slabs containing eight layesslud-
previous study by Lee and co-workefs. ing the adatomof which the bottom two are held fixed in
The reasons for studying the system CUuDd) are  order to mimic the bulk. Each of the layers contains 64 at-
manifold. First, simplicity: the surface lattice is square and,oms. For the diffusion along a step, we consideréi3al,1
because the system is homoepitaxial, only one type o§urface, which is vicinal to th€100) surface, and possesses
chemical species need be considefieel, modelefiand no  six-atom wide terraces. In order to keep the rectangular
large stress, e.g., arising from mismatch, will be involved.shape of the unit cell, two steps are included at the surface.
Such simple systems—homoepitaxial face-centered cubidn the (100) direction, the planes are stacked in the order
metals—have been the object of numerous studies of thABAB. .. .] Each of the two terraces contains 36 atoms and
fundamental aspects of growtlsee, for instance, Refs. 5, we thus have 72 atoms per layer. The same number of layers
13-21. Second, surface diffusion on C100) has been stud- as in the case of th&00) surface was used. When studying
ied in detail both experimentaflf?® and theoret- diffusion, an adatom is added at each of the two steps. In all
ically.1226=4%(Of the latter, only Ref. 12 is a first-principles cases, periodic boundary conditions were applied in the lat-
calculation) Yet, no clear picture has emerged: While ex- eral directions, i.e., parallel to the surface, so that the system
periment indicates a barrier in the range 0.28 to 0.40 eV, buis effectively infinite in thex-y plane. The lattice parameter
gives no information on the actual mechanisia which  of the rigid layers was determined from a series of runs on
diffusion takes placé®~2° the ab initio calculations of Lee the bulk material in the N,P,T) ensemble(using a 256-
et all? predict that diffusion proceeds primarily through atom systemat each simulated temperature. All others simu-
simple hopping of an adatom on the surface, with a barrietations are carried out in the\(V,T) ensemble.
height of 0.69 eV. In comparison, studies based on various In most cases studied here, it is necessary to deal with
semiempirical potentials give values in the range 0.20-0.7@nore than one diffusion mechanism for a given species, viz.,
eV and are in disagreement on the preferred diffusiojump and exchange. It is simpler, then, to consider the fre-
mechanisnt®~4° quency at which each type of event is taking place, rather
Evidently, the dominant mechanism for diffusion on than the actual rate of diffusion as given by Ef). As we
Cu(100 is not resolved. The various processes examinedbserved in a previous pap¥rwhen the barriers are high
here—jump and exchange for the adatom and the dimer, arghough, diffusion can be assimilated to a random walk, so
jump only for the vacancy—are illustrated in Fig. 1. Al- that the diffusion coefficient is simply related to the fre-
though there are other possibilities, especially at highguency of events. We will see, in Sec. Il C, that the barriers
temperature®? the ones we consider are found, from our are indeed high compared to the temperature at which diffu-
MD simulations, to be the best candidates for low-sion is considered. In order to determine the frequencies, the
temperature diffusion. We computed, in addition, the diffu-evolution of the diffusing specietadatom, dimer, or va-
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cancy is followed at several temperaturesee Sec. Il for a To compute the energy, we used a basis set of 27 func-
time long enough to yield reliable and reproducible statisticstions per atom, consisting ofs4 4p, and 3 functions with

In practice, the runs consisted of a period of equilibration ofkinetic energy — k>=—0.7, —1.0, and —2.3 Ry, respec-

48 ps, followed by a period of “production” of 5-18 ns tively. Scalar-relativistic corrections were included and the
(depending on the number of events observed, i.e., barriezxchange-correlation energy evaluated using the Ceperley-
and prefactor for the process, as well as tempergtdiging ~ Alder form2® The integration over the Brillouin zone em-
which statistics were accumulated. A time step of 2.4 fs waployed 36 equidistank points when using four atoms per
used to perform the numerical integration of the equations ofayer, and 16 when using nine atoms per layer; a Gaussian
motion. To speed up the calculations, we introduced a cutofbroadening of 20 mRy was used to ensure the numerical
distance in the potential, beyond which all interactions werestability of the integral. Bulk and clean surface properties
neglected. It was found that a cutoff of 4.8(Between third- were calculated using the same densitykgoints.

and fourth-neighbor shellyields barriers within 5% of their

converged values except in the case of the dimer, for which 2 PP-PW
a cutoff of 5.4 A(between fourth- and fifth-neighbor shells )
was necessary to achieve the same level of accuracy. In the PP-PW approach, the core orbitals are replaced by

In order to determine the 0 K, static barriers and comparSeudopotentials. Here, we used pseudopotentials generated
them with their dynamical equivalents, we also carried out @cco_rdlqg to the semirelativistic scheme of Troullier and
series of energy-minimization, “molecular-static¥MS), Martins, a_nd cast in the fully separable, norm-conserving
calculations, whereby the atoms are moved iteratively in thdorm of Klelgirggm and Bylander, with the component only
directions of the forces acting on them until these vanisH€ing loca! The 3d electrons were treated as valence
(“relaxation”). The static energy barrier is obtained by re- states. The elecftron_lc wave functions were expr_;mded in plane
laxing the system in both the equilibrium and the transitionwaves with a kinetic energy cutoff of 60 Ry in the LDA
state: in the latter case, a constraint is used to maintain thé&Xef. 46 and 65 Ry in the GG'&; The k-space integration
particlg(s) at the saddle point and minimization is carried outWas performed using a set of nine equidistant points in the

with respect to all other degrees of freedom. surface Brillouin zone for the systems with four atoms per
layer and four points for the ones with nine atoms per layer.
B. Ab initio calculations To improve convergence, the electronic states were occupied

. ' . . , according to a Fermi distribution with a temperature of

Smlce f|rst-pr!nC|pIes MD fqr tra_nsmon metals is too.de— T=0.1 eV and the total energy extrapolated to zero elec-
manding for a direct study of diffusion, only MS calculations tronic temperature. For similar reasons, tinitial wave-

of the barriers were carried out using this approach. Firsty nctions were obtained from the self-consistent solutions of

foIIowingdouhr study of giffu.sion on Ag,hAu, an% ‘t’]".e the Kohn-Sham Hamiltonian in a mixed-basis set composed
computed the energy barriers using the FP-LMTOhis pseudoatomic orbitals and plane waves with kinetic en-
method is approximate only in the parametrization of the

h lati h . ; ergy less than 4 RY The minimization of the energy with
exchange-correlation energy; however, it provides no andrqnact 1o the electronic degrees of freedom was done itera-
lytical forces on the ions so that relaxation effects cannot b%vely using a Car-Parrinello-like techniqd&5*

estimated accurately. To overcome this problem, we also | view of the high energy cutoff needed in the plane-

performed, second, calculations using the PP-PW approac(y,ye expansion, it is important to keep the system size to a

where the ionic-core potential is approximated by a pseu‘jominimum. To do so, we used a geometry slightly different

potential. In this case, fully self-consistent calculations Wer5m that described above, considering here a single adatom
carried out using both the LDA and the GGA, whereas only,, one gyrface of the slab. This enables us to use a smaller
the LDA was used in the case of FP-LMTO. We now de-pmper of layers and, therefore, a smaller supercell. In prac-

scribe our computational approach in more detail. tice, three to seven layers were considered, with only the
1. FP-LMTO adatom and at most the top two layers allowed to relax.
. Damped Newton dynamics was used to displace the atoms;
For the FP-LMTO calculations, we used the same aphis was done iteratively until all force®n the atoms al-
proach as in Ref. 45. The surface was constructed in supefs\yed to relay became less than 0.01 eV/A. Bulk and clean
cell geometry, and consisted of a slab of 5-9 layers and gface properties were calculated using the s#&mp®int

vacuum region of about 10 A periodically replicated in gensity as in the diffusion study; for the clean surface, a
space; each layer contains 4—9 atoms. Both the number ?lfine-layer (1 1) cell was used.

layers and the number of atoms per layer were varied in
order to ensure convergence with respect to system(seze
below). To determine the barriers for diffusion, an adatom
was placed on each of the two external surfaces of the slab, In order to establish the validity of oab initio approach,
with the central layer taken as a mirror plane in order towe have computed, prior to considering diffusion, the bulk
reduce the computational load. Only adatom jump diffusionlattice constant and some properties of the cl&00) sur-

was considered using this technique. Bheoordinate of the face, namely, the surface energy, surface relaxation, and
adatom was varied in order to minimize the total energy ofwork function. The results are listed in Table | along with
the slab. All other atoms were kept in their ideal, bulklike otherab initio results and available experimental data.
position, except for the surface layer, which was relaxed be- For the lattice constant, first, we get good overall agree-
fore the adatom was introduceéice., in its clean stajeusing  ment with previous calculations. It is well known that the
a five-layer (1x 1) unit cell. LDA underestimates lattice constants. The GGA, however,

3. Bulk and clean (100) surface
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TABLE I. Ab initio results for bulk Cu and and the cle&tD0) surface; FP-LMTO and PP-PW refer to the all-electron and pseudopo-
tential calculations from the present work. AE is for other all-electron calculations and PP for other pseudopotential calculations. LDA and
GGA specify the level of approximation used for the exchange-correlation energy.

Lattice constant Surface energy Surface relaxation Work function
a ag Adlz Adzg W
A) (I (%dpyi) (%dpui) (ev)
FP-LMTO-LDA 3.50 1.85 -3.0 4.87
PP-PW-LDA 3.57 1.91 -3.5 0.0 4.86
PP-PW-GGA 3.68 1.42 —-4.5 -0.4 4.42
AE-LDA 3.52 (Refs. 10 and 55
3.55(Ref. 56,
3.56 (Ref. 57,
3.58(Ref. 58,
3.61(Ref. 57
AE-GGA 3.62(Ref. 10
PP-LDA 3.62(Refs. 59-6)], 1.71(Ref. 59 —3.02(Ref. 59 0.08(Ref. 59 4.95(Ref. 59
3.61(Ref. 62
expt. 3.60(Ref. 63 2.02(Ref. 649 —1.2(Ref. 65 0.9(Ref. 65 4.59(Ref. 66, 4.83(Ref. 67, 4.45(Ref. 68

tends to overcompensate and, as a result, the GGA lattiqeurely static calculations. On the other hand, first-principles
constants are usually larger than experim@nas indeed MD simulations are too demanding in terms of computer
found here. Also, as noted by Lu and co-worké€rgseudo- time for such an enterprise to be undertook, and one must
potential calculations yield lattice constants larger than ABherefore resort to classical models in order to calculate the
calculations, also a feature observed here. The combinatigorefactors. We present here the results of our study of diffu-
AE-GGA, therefore, seems to be optin{élut not available sion on CW100) using both a classical and a quantum de-
to us at preseit this is also supported by the fact that the scription of forces for calculating the energy barriers, and
GGA provides a much better description of the cohesive enelassical MD for estimating the prefactors.
ergy than the LDA! Thus, even though the PP-PW-GGA It is often assumed, for convenience and without much
combination does not yield accurate lattice constants, it igustification, that prefactors for diffusion are constésee,
better suited to describing Cu than the PP-PW-LDA. e.g., Ref. 2, independent on the details of the surface. How-
For the clean(100) surface, now, our results are also in ever, in a recent studfye have shown that the diffusion of
relatively good agreement with other calculations, whenadatoms follows the compensati@deyer-Nelde] law and,
available, and with experiment. It is interesting to note thatas a result, prefactors can vary by several orders of magni-
even if AE and PP calculations give different values for thetude. The Meyer-Neldel rule states that, for a family of
lattice constant, they lead to very similar surface propertieg\rrhenius processes,
for a given level of approximation of the exchange-
correlation energy(i.e., LDA or GGA). Thus, a self- X=Xo exp(—Ea/kgT) ()]

consistent PP calculation is quite suitable to describe surfacﬁvhich is the case of diffusion, Eq2)], the prefactorX,
properties here, even if bulk properties are not as well degapends exnonentially on the activation enekgy
scribed as in AE calculations. We note from Table | that the P P y '

GGA reduces the surf_ace energy and the work functipn com- Xo=Xoo EXPEalAg), (4)
pared to the LDA. This effect of the GGA on metallic sur- ) o

faces has already been predicted from jellium calculations. WhereA, is the isokinetidor Meyer-Neldel energy andKoo
The same phenomenon has been observed od1@yf® IS @ constant. Itis therefore important, in order to determine
P1(111),7 and Ag100.7* In view of the difficulty in mea- the most mobile species in a given temperature regime, to
suring accurate surface energies, and the scatter in the eXé€ how prefactors compare. These results will be presented
perimental values for the work function, it is not clear which in Sec. Il C. We discuss, first, the static energy barriers, both
exchange-correlation functional best describes surfaces proffl the context of EAM and from first principles.

erties. However, considering that the GGA provides a better

description of bulk Cu, we conclude that it is better suitable, A. Static energy barriers—EAM

also, for Cu surfaces. 1. Adatoms

Our results for the static barriers on @00, ES, for the
various cases of diffusion considered here, are listed in Table
As we previously have showi,adatom diffusion barriers II; our results generally agree with previous estimates using a
can be reliably extracted from static calculations. Howeversimilar theoretical framewor€33¢39The adatom, within
in order to determine completely the diffusion coefficient,the EAM picture, is found to diffuse preferablga a jump
the prefactor is also needed, and there seems to be no simpteechanism, the barrier for exchanges being much higher—
way of extracting this quantity with sufficient accuracy from 0.73 vs 0.50 eV. From these values of the barriers, one

lll. RESULTS
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TABLE Il. Diffusion barriers and prefactors for diffusion on The dissociation barrier for a dimer is given, approxi-
Cu(100. Theab initio values are obtained using the GGA with a mately, by the sum of the diffusion barrier for the adatom
four-layer, (3x<3) cell. J and X are for jumps and exchanges, re- and the binding energy of the dimem the present case, this
spectively.EJ, is the zero-temperaturetatio value of the energy |eads to a barrier of 0.85 eV. Direct calculation of the disso-
barrier whileE, andI', are determined from an Arrhenius fit to the ciation barrier is difficult considering that there are several
MD data. possible dissociation pathways. We have examined different
. possibilities and found the lowest barrier to be 0.81(ebft-

EAM . at(’) Initio responding to a 50% stretch of the dimer along its equilib-

Io(THz)  Ex(eV)  Ex(eV)  Ex(eV) rium axis, in good agreement with the approximate value

Adatom J 20(xe*%?)  0.49+0.01 050 052005 above, and significantly larger fchan the barriers for diffusion.
AdatomX  437(xe*®%) 0.70:0.04 073  0.980.10 Thus, dimers are already mobile at temperatures well below

Dimerd  13(xe*®9 048003 049  0.5%0.06 thev\‘l’”set of dissociation. Com 4 ad
Dimer X 320(x eio_s) 0.73+0.05 0.74 0.790.15 e now compare mass transport from dimers and ada-

Vacancy 27e*%%  0.47+0.05 0.47 042 0.08 toms, conS|der|ng iny the predommant Jump-qnfusmn pro-

Aong step  3.06e°°9) 0.24:0.02  0.26 cess. To _do S0, it is necessary to first determine the mean-
' T ' square displacement of the center of mass of the dimer

during an event. When a dimer jumps, there exists four dif-

would conclude that exchange diffusion contributes negligi-ferent paths leading to a zero net displacement of the center

bly to mass transportin comparison to jump diffusion IOf r;ass,t fourdl_eaclhng to a;ocl;isz%acewentaﬁz,tﬁndl '":Lght
However, as we will see in Sec. Il C, this conclusion must eading 1o a displacemen » Wherea 1s the lattice

be taken with caution because the prefactor for exchanges Fsonstgnt.z On average, therefore, the mean-square displace-
much larger than that for jumps. ment isa</4. This is a factor of two smaller than the corre-

sponding displacement for an adatom, but the dimer contains
two atoms; hence, as much mass is transported in a single
event as is in the case of adatoms, on average. We are thus
In order to determine if small clusters are mobile at low|ed to conclude that, within EAMdimers contribute as much
temperatures, or if, rather, they are more likely to dissociateto mass transport as adatoms
we have calculated the barriers for the jump and exchange
diffusion of dimers, as well as the binding energy, dissocia-
tion energy, and excess energy of metastable vs equilibrium
state. The results are listed in Tables Il and III. While vacancy diffusion is notper se a mechanism for
Just like adatoms, dimers diffuse much more easily bygrowth, it can have important conseguences on mass trans-
jumps than by exchanges’ and the barriers for the two prd)ort, in particular, in the process of annea”ng defected sur-
cesses are very similar to the corresponding ones for addaces. In Fig. 1, we show the mechanism by which a vacancy
toms. Thus, as far as the mechanism is concerned, adatorfifuses on thg(100) surface—basically a jump. The corre-
and dimers behave in the same way; if we consider only théponding barrier is 0.47 e\cf. Table 1), larger than the

barriers, dimers are expected to be mobile at the same teralue of 0.35 eV reported in Ref. 36, which is in erfr.
perature as the adatoms. The jump-diffusion barrier for vacancies is, also, close to

It is important to note that, for dimers, the barrier for that for adatoms. Of course, the actual contribution of each

jump diffusion (0.49 eV—cf. Table Il is the barrier to go Process depends on the relative population of the two spe-
from the equilibrium to the metastable state, as depictedies, Which itself depends on the formation energies; indeed,
in Fig. 1(c). Indeed, the barrier to go from the metastable tothe migration energy is the sum of the formation energy and
the equilibrium state, which is equal to the barrier heightthe diffusion barrier. Using EAM, Karimi and co-workefs
minus the excess energy of the metastable $tag9-0.29 found formation energies of 0.59 and 0.71 eV for the va-
=0.20 eV—cf. Table II), is much smaller than the reverse; cancy and the adatom, respectively. Thus, vacancies have
the corresponding process thus occurs much faster. The limlower formation energy than adatoms and should therefore

iting process, therefore, is the one considered here, i.e., equ#ontribute more to mass transport. However, during growth,
librium to metastable. a large reservoir of adatoms is available, and their mobility is

limited only by the diffusion barrier. In contrast, vacancies

TABLE IIl. Static properties of the dimer. Thab initio values  fi'St have to form, i.e., their mobility is determined by the

are obtained using the GGA with a four-layer,X3) cell. See the diffusion barriemplusthe formation energy, and thus severely
text for a definition of the exact and approximate forms of theréduced, to the point where their contribution to mass trans-

2. Dimers

3. Vacancies

dissociation energy. port will in fact be negligible at temperatures of interest.

EAM ab initio 4. Steps

e e . . .

s v The shape of islands on otherwise flat terraces is impor-
Binding energy 0.35 0.220.03 tant for a proper understanding of growth phenomena. It is
Dissociation energyexac) 0.81 determined, in equilibrium conditions, by the energies of the
Dissociation energyapprox) 0.85 0.74-0.07 various steps defining its perimeter. During growth, the equi-
Metastable vs equilibrium 0.29 0.39.04 librium shape can be attained only if the kinetic processes

leading to equilibrium are fast enough to overcome the con-
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TABLE IV. Diffusion barrier for the adatontin eV) from first principles, as discussed in the text. The
superscript ‘U” is for an unrelaxed substrate while “2” refers to the case where the top two layers of the
substrate were relaxed; in all others, only the top layer relaxed only. “BZ” refers to a deqs®nt grid for
Brillouin-zone integrationsee texk

System FP-LMTO PP-PW

LDA LDA GGA

jump jump exchange jump exchange
(2% 2) cell:
three layers 0.75 0.74 1.28, 1.18
four layers 0.66, 0.65 0.68* 1.05, 1.04, 1.087 0.51 0.85
five layers 0.69 0.69 1.04 0.55 0.82
six layers 0.65 1.18
seven layers 0.66 0.69 1.13
nine layers 0.68
(3%x3) cell:
three layers 0.75 1.03
four layers 0.52 0.96
five layers 0.65

tinuous arrival of new adatoms onto the island. For(tt@0) be assessed. This question was neglected in our previous
surface, the equilibrium island shape is approximatelystudy of self-diffusion on Ag, Au, and Ir surfaces using the
square, with the corners rounded. The sides of the island aeP-LMTO technique, for which analytical forces are not
formed by(110-oriented steps, which are the most denselyavailable in the supercell geomety/From the PP-PW-LDA
packed on this surface. Thus, if diffusion along these stepsesults for the three-layer, (22) cell given in Table IV, it is
which measures the rate at which equilibrium is reached, ig|ear that the effect of relaxation on the barrier for jumps is
fast compared to diffusion on a terrace, corresponding 0 thgegligible (0.75 eV for the unrelaxed surface, indicated by
rate at WhiCh ada_toms arri_ve, t_hen the shape will be close tg,o superscript U1,” vs 0.74 eV for the relaxed surfage
equilibrium. We find, for diffusion along110 steps, a bar- Evidently, this is more important for the exchange process,

rier value of 0.26 e\(cf. Table I)); this is indeed much lower b .
; A ut nevertheless smadll.23 vs 1.18 eV, i.e., less than %%
than the barrier for adatom diffusion on terraces, 0.50 evsmaller in fact than could be expected.

Thus, the shape of islands is expected to be close to equilib- In most calculations, only the top layer of the slab was

rium evenduring growth. allowed to relax(in addition to the adatomWe have veri-
fied that this is not a limiting approximation by carrying out

B. Static energy barriers—Ab initio some calculations where, also, the second layer was relaxed.
d This is indicated by the superscript “2” in Table IV for the
1. Adatoms four-layer, (2<2) cell under PP-PW-LDA. The effect is ex-

In order to assess the validity of the EAM calculations,tremely small, no more than 0.01 eV, i.e, within the accuracy
we move on with a discussion ab initio diffusion barriers, of the method. One must not generalize these conclusions to
starting with the case of adatoms which, in view of the dis-other systems, however, especially {141 surface of fcc
crepancy between the first-principles calculations of Leemetals where barriers for jumps are small. For instance, for
et all? and experiment, constituted the initial motivation of Cu diffusion on C¢111), the barrier drops by a factor of
this work. Also we have, for adatoms, carried out an extenalmost two, from 0.14 to 0.08 eV, when allowing the first
sive study of convergence with respect to size and other patomic layer to relaf? similar effects are also found for
rameters of the model; the results are presented in Table IWPt/P{111).”°

A first observation from Table IV is that, within numeri- The convergence with respect to supercell size was exam-
cal accuracy, the AE-FP-LMTO and PP-PW calculationsined very carefully. As can be seen from the PP-PW-LDA
give the same result for the jump-diffusion barrier for cells ofresults in Table IV, the barriers for both processes “oscil-
equivalent size, at the same level of approximatioam- late” slightly when increasing the number of layers beyond
pare, e.g., the FP-LMTO-LDA and PP-PW-LDA for jumps 4. In the case of exchanges, the fluctuations in the barrier
on the (2x 2) cell with five or seven layetsThus, the use of height are more important than for jumps in absolute value,
PP’s seem to have little effect on diffusion barriers even if itbut quite similar on a relative scale, viz., about 10%. We
yields lattice constants different from AE calculations. Thenote also that the barrier for jumps does not change notice-
same behavior was observed for clean surface properties, ably upon increasing the lateral size of a three-layer slab
mentioned in Sec. Il B 3. This establishes the validity of thefrom (2x2) to (3x3), while the barrier for exchanges
approach and only PP calculations will therefore be dis-drops by about 11%.
cussed from now on. Since the barrier for jumps remains the same upon going

Within the PP-PW scheme, forces on the ions are easy tiom a (2x2) to a (3x3) cell, we conclude that our error
compute and the effect of relaxation on diffusion barriers caron this energy is essentially that arising from the conver-
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gence with respect to the number of layers, i.e., about 10%convergence study for adatoms: Since the coverage for a
For exchanges, we observe the barrier to vary a bit upodimer on a (3<3) cell is comparable to that for a single
going from a (2<2) to a (3x3) cell, but we expect that it adatom on a (X2) cell, the error on the barriers for ex-
should not change substantially for larger systems. Thus, thehange diffusion should be approximately the same, namely
error on the t_)arrier for exchanges is expected to be about thEygs, while other quantities—barriers for jumps, binding en-
same as for jumps, namely, about 10%. ergies, and excess energies of the metastable configuration—

_Finally, we also verified the convergence of the resultsspoyid be accurate to about 10%. All the results discussed
with respect to Brillouin-zone sampling, again for the four- paiow refer to a four-layer, (83) unit cell.

layer, (2x2) cell under PP-PW-LDA. We found, upon in-  pimers are found to diffuse preferentialigia jumps, as

creasing the number d¢éurfacg k points from 16 to 25, the 1< the case also for adatoms, with a barrier of 0.57 eV

barriers for jumps and exchanges to change very little—by ;
0.02 and 0.03 eV, respectively, considering only relaxatio Compared to 0.79 eV for exchang@s. Table I). The barrier

of the ton substrate laver r1‘orjumps estimated from EAM compares well with the GGA
As mepntioned earlie); We know of only one ottadr initio value, as was also true of adatoms, although the deviation

calculation of the barriers for adatom diffusion on(C20), here is a bit larger. For exchanges, the EAM an.d PP-PW-
by Lee and co-worker® carried out within the LDA. Using CCGA estimates are in good agreement, but in view of the
a three-layer (X 3) cell, they found activation energies of large error k_)ar on the latter, it is difficult to ascertain that this
0.69 eV for jumps and 0.97 eV for exchanges. This comparedgdreement is genuine. , _
quite well with our results for the same cell size, as can be AS already noted in Sec. Il A 2, the barrier towards dis-
seen in Table IV. The small differences are likely due toSociation is given, roughly, by the sum of the dimer binding
different Brillouin-zone sampling schemes: while we used €nergy and the diffusion barrier of the adatf’m,o attempt
2% 2 grid of equidistant points for this cell, Legt al. em- to compute this quantity directly from_fl_rgt principles has
ployed only thel" point. ever been made_ because of the prohibitively Iarge_z syst_em

The GGA, as we have seen above, yields a better descrij§iZ€ required. Using the approximate form, we obtain a dis-
tion of bulk Cu properties, such as lattice constant and cohe3ociation barrier of 0.74 e\ef. Table 1ll), much higher than
sive energy, compared to the LD&X We have also found the t_>arr|er for diffusion. Thus, we conclude that. dlmgrs are
in Sec. Il B 3 that it has an effect on surface properties suclobile at temperatures lower than those for which dissocia-
as the surface energy and the work function. It is therefore ofion takes place. This is in qualitative agreement with EAM,
interest to see how diffusion barriers compare in the twc€Ven though quantitatively, the difference between barriers
approximations. This question was addressed recently in tH@r diffusion and for dissociation is larger within EAM than
case of Ag/AG100) by Yu and Schefflef* for Ag, the GGA vv_nhm GGA, QUe to the cpmblne_d eff('act' in EAM of a Iower
is known to overcompensate the LDA error as far as thgliffusion barrier and a higher dissociation barrier. The dif-
lattice constant is concernéiYu and Scheffler found, un- ference in the dissociation barrier can be traced back to the
der the GGA, the barriers to drop from 0.52 to 0.45 eV in thedimer binding energy, which is much lower within GGA
case of jumps, and from 0.93 to 0.73 eV for exchanges, &1an within EAM.
decrease of, respectively, 13% and 22% from the LDA value, N View of the large excess energy of the metastable con-
In a recent experiment, Langelaeral’® found a diffusion f|gurat!on with respect to eq'umbrlum, 0.35 eV, which agrees
barrier of 0.430.02 eV, assuming a prefactor of 10 THz as Well with EAM, the discussion on mass transport presented
obtained from MD simulation® This agrees within error N Sec. Il A2 remains valid: the relative contributions to
with the above GGA value for jumps; however, the LDA Mass transport by adatoms_ and dimers can b_e determined
value is not far either and it is therefore difficult to say which SOlely on the basis of their jump frequencies. Since the en-
approximation is better. In the present case, the GGA barri€'9Y barrier for dimer diffusion is slightly larger than that for.
ers are about 22% smaller than the corresponding LDA val@datoms—0.57 vs 0.52 eV—we conclude that adatoms will
ues(cf. Table IV). This is larger than the numerical accuracy be mobile at_ lower temperatures than the dimers. In view qf
estimated earlier—about 10%. We are therefore led to confn® small difference, however, the temperature range in
clude that the GGA leads to a significant decrease of energ‘Q’h'Ch the above conclusion is valid will be rather narrow.
barriers compared to the LDA. i

Our best estimates for the activation energies are thus 3. Vacancies
0.52+0.05 and 0.96:0.10 eV, for jumps and exchanges, re-  The barrier for the diffusion of vacancies was also deter-
spectively. Thus, just as was the case with EAM, the adatormined ab initio using the GGA. Its value, given in Table Il
is found to diffuse more readilyia a jump mechanism. In along with other barriers, is estimated to be 0.42 eV, with an
fact, as can be seen from Table II, the EAM barrier for jumpserror bar of at most 20%. Again, the agreement with the
is in quantitative agreement with the GGA barrier. We thusEAM result, 0.47 eV, is striking. Also, this is smaller than
expect MD/EAM simulations to yield a reliablguantitative  the barrier for adatom jump diffusion. Thus, vacancy diffu-
estimate of the prefactor for jump diffusideee below. For  sion should dominate mass transport on the surface except,
exchanges, the EAM underestimates the barrier with respeeis discussed in Sec. Il A 3, during growth, when a large
to the GGA and, therefore, the MD simulations can only“reservoir’ of adatoms is available.
yield qualitative information. As can be concluded from Table Il, the present EAM
parametrization provides, in most cases, a very satisfactory
agreement with the first-principles results we have just de-

For dimers, now, we have not performed detailed converscribed, taking due account of the uncertainties of dbe
gence tests, but error bars can be estimated from the aboimtio calculations. This is a bit of a particular case, however:

2. Dimers
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we have shown, in a recent publicatibithat the agreement
between EAM and first-principles calculations could be quite
acceptable when the barriers are large, but poor when they
are small, as is the case for instance on(ttiEl) surface of

fcc metals.

O Adatom-J
O Adatom-X

C. MD-EAM
1. Adatoms

While static calculations of diffusion barriers on @00)
have been numerous, direct simulations of the actual diffu-
sion processes have been rather scHrée®’:38740f these,
only Ref. 38 is concerned with a detailed Arrhenius study of
adatom diffusion, and dimer and vacancy diffusion was not 6.0
considered. Also, the model used, based on a tight-binding
description of the interatomic potentials, differs from ours.
For consistency, and in view of the fact that the barriers for -70 | 1
diffusion of adatoms, dimers, and vacancies are comparable,
as we have just seen, we provide here a detailed discussion
of our MD/EAM simulations, with particular emphasis on -8.0 . ' . . L
prefactors which are not available from static approaches, 120 130 140 = 150 160 170 180
starting with the case of adatom&ee also Sec. V, below. kT (V)
petween 650 and 500 K. The Iower endt of the range correy, ~1C: 2 AThenius pot of the frequency of jumps)(and ex

. . - .._changes X) for a Cu adatom on G@00). The solid lines are fits to
sponds to the limit for accumulating proper statistics, Whllethe MD data
the upper end corresponds to the onset of surface disorder- '
ing, i.e., spontaneous creation of adatom-vacancy pairs. At 2 Dimers
high temperatures, “exotic” mechanisms, such as long ex- ) ) o )
changes involving several atoms, are present but to a much The barriers for dimer diffusion, we have found in the MS
lesser extent than the usual jump and exchange mechanisnf&lculations, are very similar to the corresponding ones for
In view of the much higher-energy barriers associated witH"€ adatom within EAM. Itis thus of interest to examine how
these exotic processes, and the exponential behavior of tg€factors compare in order to determine the dominant con-
diffusion coefficienfsee Eq(2)], their contribution to mass tribution to mass transport. _
transport at low temperature will be negligible. These will AN Arrhenius plot of the frequency of jumps and ex-
therefore be ignored here, since we are primarily intereste@nanges is given in Fig. 3; the corresponding parameters are
in low-temperature growth. listed in Table II. Ag_aun, here, exotic d|ﬁg$|on mechamsms

In Fig. 2, we present Arrhenius plots of the frequency of¢@n take place at high temperatur@sg., jumps involving
jump and exchange events for the adatom. The correspon{l® concerted motion of the atoms forming the diméut
ing parameters—attempt-to-diffuse frequencipsefactors they are pres_ent to a lesser extent than _the two mechanisms
T, and energy barrier,—are listed in Table Il. We find depicted in Fig. 1 and can_be ngglected in the study of Iqw-
that the barrier for jump diffusion is significantly smaller temperature growth. The jump is the preferred mechanism
than that for exchanges, as was found also in the MS calcor diffusion at low temperatures, with a barrier about 0.25
lations. In contrast, not available from MS, the prefactor for®V Smaller than that for exchanges. The prefactors, however,
exchange is found to beuch larger—by a factor of about show the opposite behavior, i.e., compensation again is
20—than that for jumps, in qualitative agreement with thePresent. In t_hls case, the crossover occurs at about 900 K,
compensation law, Eq4). This is an important result: Be- Somewhat higher than for adatoms. ,
cause the barrier for exchanges is so much larger than that 't IS quite remarkable that the jump and exchange diffu-
for jumps, the former would hardly be observable on the MDSION barriers are the same, within error, for adatoms and
time scale if it was not for compensation. In fact, from Fig. dimers. Likewise, the prefactors are essentially equivalent:
2, we see, as another consequence of compensation, that dffe observed differences; 50%, are hardly significant in
fusion crosses over from a regime where jumps predominatat they could easily be absorbed in variations of the expo-
at temperatures lower than750 K to a regime where ex- nent'lal factor that could arise from small errors in the energy
changes take over. If one thinks in terms of mass transporPame_rS- Thus, for all practical purposes, the two species be-
rather than frequencies, the crossover temperature is evélave in a similar manner, as can in fact be seen in Fig. 3, and
lower, ~650 K, because the mean-square displacement adhus contribute equally to mass transport within EAM.
sociated with an exchange event is twice as large as that for
a jump(cf. Fig. 7). At low temperatures, evidently, compen-
sation is not strong enough to overcome the difference in Figure 4 shows the Arrhenius frequency of jumps for the
barriers. For example, at 300 K, using the present Arrheniugacancy; the corresponding parameters are listed in Table II.
parameters, we would observe, on average, 150 jumps for[do other processes provide a significant contribution to dif-
single exchange event. fusion though we have observed, at high temperatures, some

InT (In THz)
é
[=]

3. Vacancies
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O Dimer-J
O Dimer-X

InT (In THz)
&
(=]

InT (In THz)

-8.0 . . . L L _ . . AN . . ;
120 130 140 150 160 17.0 180 *%00 120 140 160 180,200 220 240
1/kT (eV') 1/k,T(eV')
FIG. 3. Arrhenius plot of the frequency of jumps)(and ex- FIG. 5. Arrhenius plot of the frequency of events for diffusion

changes X) for a Cu dimer on C(1L00). The solid lines are fits to of a Cu atom along a step on 0. The solid line is a fit to the
the MD data. The dashed and dotted line correspond to adatomiD data. The dashed line is the frequency of the corresponding
jumps and exchanges, respectivély. Fig. 2. mechanism on the clean surface.

rare long-jump events. Clearly, the vacancy and the adatom 4. Steps
display similar behavior, with perhaps a slight edge to the

vacancy, both in terms of energy barri¢€s47 vs 0.49 ey Finally, in Fig. 5, we display the frequency of jumps for

and prefactord27 vs 20 THx the GGA predicts an even diffusion allong a(110 step on the(lOO) surface. The fre-
quency of jumps on the clean surface is also shown for com-

lower barrier for vacancies. Thus, as far as mass transport IS_ - . : )

. . . arison. The Arrhenius parameters are given in Table Il. The
concerned, the two processes contribute in essentially thg  *~ for diffusi | the step is twice as small as that
same way during a single event. arrier for diffusion along P i

for jumps on an infinite, fla100 surface as was predicted

from MS calculations. In spite of the fact that the prefactor is
-2.0 " " " " " roughly one order of magnitude smaller than on the terrace
(3 vs 20 TH3z, diffusion along the step is much faster due to
its relatively low barrier. For instance, at 300 K, diffusion
along a step is~2000 times faster than on a terrace. Natu-
rally, this will have an effect on the shape of islands: if an
atom is adsorbed at a step, it can readily diffuse along the
edge and incorporate at a kink site, if there is one. If not, the
atom will either wait for another atom to adsorb at the step
and attach to it, thus creating a pair of kinks, or jump around
a corner of the island, and perhaps incorporate at a kink on
the new edge(See Ref. 37 for a discussion of kinks on
N surface mass transporf.he barrier associated with the latter

) process, we find from static EAM calculations, is 0.55 eV,
quite similar to that for diffusion on the terrace. Thus, in the
temperature range of interest, i.e., where islands can grow,
diffusion is possible both along edges and around corners.
We conclude, therefore, that an island, upon the arrival of an
adatom from the terrace, has time to rearrange itself into its
equilibrium shape before another adatom comes in or, in
other words, remain close to equilibrium during growth.

O Vacancy

In T (In THz)
&
o

-8.0 . L L L 1
120 13.0 140 150 _16.0 17.0 18.0

1/k,T (eV7) _
5. Final remarks

FIG. 4. Arrhenius plot of the frequency of jumps for vacancy ~ Before moving on to a discussion of our findings in the

diffusion on C{100. The solid line is a fit to the MD data. The context of growth experiments, a few remarks are in order.

dashed line is the corresponding frequency for adatom jumps.  First, we find, in all cases examined, the static activation
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energy to lie very close to the corresponding barrier detertally, in view of the relatively high temperature, and contrib-
mined from detailed, extensive MD simulations, as can baite to diffusion.

seen from Table Il. This indicates that, at least for the system Using low-energy ion scatterind EIS), second, Breeman
under consideration here@ccurate energy barriers can be and Boerm#’® obtained a diffusion barrier of 0.390.06 eV,
obtained from purely static, first-principles calculations. Thisagssuminga prefactor of 10 THz—quite a bit larger than the
is at variance with the results of Tully and co-workétsvho  yalue of 0.8 THz estimated from step propagation measure-
found, using a “ghost-particle approach” and a Lennard-ments(see above In these experiments, adatoms are created
Jones potential, the dynamical barrier for the dimer to differyy the jon-beam irradiation of a surface. Their concentration
from  the Static one. Likewise, ~Evangelakis and ., he estimated from the LEIS yield, which changes as a
Papanicolaod; using a tight-binding description of the in- function of temperature because of diffusion towards—and

teratomic potentials, found a dynamical barrier lower thanincorporation into—the steps between terra¢gsmetimes
the static one for adatom exchanges orfX00). In the latter referred to as “annealing’’ An abrupt change in the LEIS

case, however, the statistics are much poorer than ours; V\gﬁeld signals the onset of adatom mobility: given the time

found, in fact, that their diffusion data, within the statlstlcql scale of the experiment and the length of the terraces, it is

luncert_;:ntlebs, can read||I3{ btehacctorpmoc:atedsby an dArrhefr_u en possible to determine the diffusion coefficient. Assum-
aw with a barrier équal to the stalic valueé. second, We g, 5 ya1ye for the the prefactor, finally the diffusion barrier

that, given an energy parner, the attempt-to-dﬁfu;e frequen(':an be extracted. It should be stressed that these measure-
cies (prefactors are similar, regardiess of the species under'ment:; are carried out at a single temperature; this is the rea-

going diffusion. Third, although it is difficult to draw firm son the prefactor must be assumed in order to determine the
conclusions from the data presented above, it seems that, n

s ; . . tivation energy, leading to possibly large errors.
surprisingly, the compensatlon law is V‘?‘I'd not only for In addition to adatoms, however, surface vacancies can
adatom$ but also for dimers and vacancies. Based on our j X

d K ab it Id that saeneset of also be created during irradiation. It is not clear what their
Second remark above, 1t would appear tha eSel OF offect is on annealing. Our calculations indicate that they

Meyer-Neldel parameters¥g, and A, [cf. Eq.(4)]—c_ould aave a diffusion barrier lower than adatoms. Thus they
describe diffusion frequencies for the adatom, the dimer, an ould, for example, recombine with neighboring, immobile,

the vacancy; more calculations are however required 10 asya10ms. Experiment, therefore, would measure the onset of
sess this point in more detail. mobility of vacancies rather than adatoms. This question has
been discussed in Ref. 76, where it is argued, on the basis of
an empirical model, that vacancies start diffusing at about

120 K and are all annealdhto step$ by the time tempera-

To our knowledge, there exists four different experimen-ture reaches the adatom mobility edge, about 140 K; i.e.,
tal determinations of the diffusion barrier of a Cu adatom onvacancies woulchot affect diffusion. However, ouab initio
Cu(100.22-% As mentioned in the Introduction, the values barrier for vacancy diffusion is in good agreement with the
reported in these vary quite a bit, from 0.28 to 0.40 eV, andactivation energy determined from LEIS—0.42 vs 0.39 eV—
do not agree with those calculated so far; diffusion on thisand we must therefore conclude that the diffusion of vacan-
surface, evidently, is not well understood. We discuss hereies remains a possible explanation for the observed onset of
the results of our calculations in the light of these experi-mobility. We note that in the case of Ag/&H0)"® (see also
ments. Sec. Il B 1, also using LEIS, theory and experiment are in

In the first experiment? the diffusion barrier was inferred excellent agreement. It would be interesting to determine the
from a study of growth via step propagation. The diffusiondiffusion barrier of vacancies in this case and see how it
coefficient, indeed, can be related to the mean size of tercompares to adatom diffusion. If our interpretation is correct,
races; by measuring this quantity as a function of temperavacancies on A@.00 should not be more mobile than ada-
ture, between 318 and 415 K, and fitting to an Arrhenius lawfoms on the same surface.

a barrier of 040 eV and a diffusion prefactor of Finally, in view of the relatively small size of terraces in
1.4x 104 cm?/s were obtained. The energy barrier is quite athis last experiment, 8.5 atomic spacings, it is not clear that
bit smaller than the one we obtained for adatom or dimethis geometry can effectively be used to determine diffusion
jumps, which dominate diffusion as we have seen earlierbarriers appropriate to infinitely wide terraces: In the case of
about 0.50 eV. The experimental prefactor corresponds to ain/lr(111), for instance, it was notedusing FIM) that no
attempt-to-diffuse frequency of 0.8 THz, more than an ordeadatoms are ever found in a region of width three nearest-
of magnitude smaller than the EAM result. In view of the neighbor distances from stefislikely the consequence of a
good agreement between EAM aal initio calculations for  lower diffusion barrier in the vicinity of steps. Such an effect
the barriers for jumps, we expect the calculated attempt-toeould bias experimental estimates of the barriers in cases
diffuse prefactors to be correct within at most an order ofwhere the depletion zone is a large fraction of the diffusion
magnitude, thus in disagreement with the experimentalength, possibly the case in the above LEIS measurements.
value. In fact, if we extrapolate the calculated diffusion co- In the last two experiments of interé$t?° the separation
efficient to temperatures in the range 318-415 K, we findf islands was measured and related to energy barriers
agreement within a factor of two with experiment, thus sug-through rate equations, assuming adatoms are the only mo-
gesting that indeed there is a possibility that both the prefackile species(i.e., all larger clusters remain immobile and
tor and the barrier in Ref. 22 are underestimated. One postnable to dissociateWhile the published results are differ-
sible explanation for the disagreement is that species othemt, 0.28-0.06 eV (Ref. 249 and 0.36-0.03 eV (Ref. 25,

than adatoms, such as dimers, might be present experimethe data of Ref. 24 was recently reinterprefdteading to a

IV. DISCUSSION
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value of about 0.40 eV, in line with other experiments. tions can lead to significant errors in experimental diffusion
Grosso modpfrom the above experiments, the diffusion barriers.

barrier can be taken as 0#@.05 eV. This is reasonably When temperature is higher than 223 K, dimers are found
close to our GGA value (for adatom jumps of  to dissociate. Using rate equations, and assuming the small-
0.52+0.05 eV, but the deviation is large enough to warrantest stable(critical” ) island to be the tetramer, Duand
closer examination. There are evidently two possibilities.Co-worker$® estimated a binding energy of 0.08 eV for the
First, the theoretical value may be in error, either because dfimer. This is much less than the value we find—0.35 eV
model limitations(e.g., sizg, or because of a poor descrip- oM EAM and 0.22 eV from first principleéct. Table I1).

tion of the exchange-correlation energy. We have at preserﬁowever, these data were recently reinterpreted by Bartelt

no way of assessing these further. Second, it is possible thgpd _co-workeré.They found_that the change of the s_c_alin_g
relation occurring at 223 K is due to a gradual transition in

the assumptions underlying the interpretation of experimen-". " . ) . L
A, i critical island size, related to the onset of dimer dissociation,
tal data may not be fully justified. We have mentioned al- "
ready that vacancies or limited terrace size could possiblgnd nottoa §harp tranS|t|on from the gdatom tq the tetramer
. . . s assumed in Ref. 25. In this way, a dimer binding energy of
play a role in the Interpretation of LEIS measurements. Iy20-0.23 eV is obtained, in excellent agreement with the
what follows, we examine more closely the assumptions beesent calculations. It should be said, however, that the lat-
hind rate equations. , - o ter value was obtained assuming an energy barrier of 0.40 eV
In a rate-equation analysis, the diffusion coefficient de<oy the adatom, rather than 0.52 eV from the present theory.
pends on the island separation through a power law. If only Tg conclude on this point, it appears that dimer mobility
adatoms are mobile, the exponent is 6. In a plot of the logahas to be taken into account in order to describe correctly
rithm of island separation versus inverse temperature, thRw-temperature growth on G100). (We have not explored,
slope is simply the diffusion barrier for adatoms divided by because of computer limitations, the possibility that trimers
this exponent. If dimergand only dimers can dissociate, also contribute, but this should not be completely ruled)out.
then the exponent is 4 and the slope is now related not only¥his results in a very complicated scaling relation and there-
to the adatom barrier but to the sum of adatom barrier anfore potentially significant errors in estimates of the energy
binding energy per atom of the dimer. Thus, clearly, detailedbarriers for diffusion.
knowledge of the surface kinetics, as well as highly accurate We now discuss the shape of islands. We have found,
data, are essential for extracting meaningful numbers fronffom our MD/EAM simulations, that the barrier for diffusion
such measurements. Our calculations indicate that the diffialong steps is much smaller than that for diffusion on flat
sion barriers for adatoms and dimers are very close to ongl00 surfaces—0.26 vs 0.50 e\We expect, in view of the
another and suggest, therefore, that the assumptions under§gdreement for other barriers, thai initio calculations would
ing the rate-equation analysis might not be valid. lead to equivalent resuljsThus we predict that the shape of

A first assumption concerns the stability, against diffusion!Slands will remain close to equilibrium, i.e., square, during

and dissociation, of small clusters, which determines the exgrowth as indeed is observed expenment%ﬁlirhere exists,

act form of the island-separation—diffusion-coefficient scal-lo our knowledge, only two experimental reports of this bar-

ing relation. Experiment suggests that, at low flux and low' €T _and they dlsagr_ee sharply: In_Ref. 80, a barrier of ap-
enough temperatures—below 223 K—only adatoms ar@roximately 0.1 eV is given, consistent with the observed
mobile® Above 223 K, dimers and trimers can dissociate,'s_Iand shape. The other, Ref. 81, in contrast_, report_s a very
and thus change the scaling relation. According to our re-hlgh value of 0.45 eV, compgrable to th? barnerfordﬁfusmn
sults, however, as discussed in Sec. Il B 2, dimers should b8" (100 terraces, and very likely too high to yield the cor-

mobile before they can dissociate. At 223 K, indeed, we find €Ct island shape. Clearly, more measurements are needed to

the rate of jump for dimersi.e., nondissociatedto be ap- resolve this point.
proximately 10% that for adatom{assuming similar prefac-
torg). This, of course, affects the scaling relation and, there-
fore, the value of the barrier that can be inferred from the
experimental data. In a recent Monte Carlo study of nucle- We have presented a detailed study of the diffusion of
ation on Pt111),’° it was found that the island density re- adatoms, dimers, and vacancies on(1D@), using bothab
mains unaltered in presence of dimer diffusion, as long as thiitio static relaxation methods and semiempirical simula-
barrier for the latter isit least0.09 eV higher than the barrier tions. Our results are discussed in the context of recent sub-
for adatom diffusion. The difference between the two barri-monolayer growth experiments. We find that the GGA offers
ers here is 0.05 eV, thus suggesting that dimer mohslity-  a much better description of the energetics of diffusion than
not be neglected. the LDA, while the EAM yields generally satisfactory re-
Interestingly, the island separation at this same temperasults, in addition to providing information on attempt-to-
ture, 223 K, can be reproduced by Monte Carlo simulationgliffuse frequenciegprefactor$. Vacancy diffusion is found
assuming that islands are square and that adatoms only & be the most favorable mechanism for mass transport, but
mobile® The jump frequency required to obtain satisfactoryis not necessary dominant, as it depends on details of the
agreement with experiment is found to be 456.sAssum-  experiments. The value we obtain for the energy barrier for
ing a prefactor of 20 THz, as obtained in the present workadatom diffusion is slightly larger than the available experi-
this translates into an energy barrier of 0.47 eV, now withinmental numbers. However, we have demonstrated that the
the error bar of our theoretical prediction. This is a strongcomplexity of the scaling relations obtained from rate equa-
indication that an imperfect scaling relation in the rate equations (and used to interpret the experimental measurements

V. CONCLUDING REMARKS
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