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Ehrlich-Schwoebel effect for vacancies: Low-index faces of silver
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We employ surface-embedded-atom-method potentials to investigate the energy landscape of vacancies
diffusing over, along, and near steps on the low-index faces of silver. We compare the vacancy diffusion
barriers with those of adatoms. Barriers for vacancies diffusing in the surface of terraces near and up close-
packed step edges are calculated for th&l), (100, and (110 surfaces. Large Ehrlich-Schwoeb@S)
barriers (>200 me\} for vacancies ascending step edges occur on all three faces, and these barriers are
enhanced over those of adatoms. Barriers for their diffusion along step edges and around kinks and corners of
vacancy islands are calculated for #i®0) surface. Here a sizable vacancy “corner” ES barrier oc¢l#A8
meV). The “kink” ES barrier, which proceeds by the exchange mechanism, is very §fmaléV). We develop
an accurate scheme of estimating the vacancy energy landscape in terms of bond breaking and atomic coor-
dination at the relevant surface lattice sites. We assess the role of the vacancy diffusion barriers on the structure
of two-dimensional2D) vacancy islands and 3D vacancy pits on(2@0). The vacancy ES effect promotes a
pitted morphology that persists above room temperature. The calculated vacancy diffusion barriers do not
support the suggestion that vacancy diffusion on top of clusters can help account for the behavior of the
observed scaling exponent for the coarsening or diffusion of Ag clusters (k089
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[. INTRODUCTION cies. While many calculations exist for adatom diffusion bar-
riers, this paper concentrates on calculating vacancy diffu-
The possibility of exploiting the controlled formation of sion barriers on low-index Ag surfaces and especially on
tailor-made nanostructures on metal and semiconductor sutheir behavior near island and step edges, including a pos-
faces has spurred a renewed interest in two-dimensi@mal ~ sible vacancy ES barrier.
and 3D island dynamics. While thermodynamic consider- Many scanning tunneling microscog@TM) studies have
ations such as strain play a paramount role in the selfbeen carried out, especially on Ag surfaces, to investigate the
assembly of 2D and 3D island structures, kinetic considerformation, dynamics, and coarsening of adatom and vacancy
ations such as diffusion barriers play important roles alsoislands and the underlying atomic transport processes. Sev-
especia"y near Step edges where key mass transport prgfal investigat0I9§11 have observed the diffusion and coars-
cesses are taking place. For example, the Ehrlich-Schwoeb@hing of large AgL00) islands, but the dominant transport
(ES) barrie’—i.e., the increase in energy for an adatom tomechanism—edge adatom diffustdror a combination of
diffuse over a step edge compared to the diffusion barrier odge diffusion and terrace vacancy diffusiesis a subject
the flat terrace—is a key factor in 3D island dynamicsOf some controversy. Abnormally fast decay of islands in
mechanismé? as well as having effects on 2D island dy- “wedding cake” configurations has been observed by Giesen
namics and step phenomehd. et all? for adatom islands and by Morgensteshal® for
The influence of mass transport on island dynamics caacancy islands on Ag11). These have suggested the effec-
involve the diffusion of vacancies as well as adatoms. In thdive disappearance of ES barriers when the edges of such
formation phase, during the deposition or remotaly., by double islands come close together. Hoogeretial. ob-
evaporation or Sputteriﬂg)f atoms, we would expect the Serve, with STM, abnorma”y fast transfer of vacancies be-
transport coefficients for adatoms and small clusters to plajVeen vacancy islands when they are less than 20 A apart,
the dominant role in the former and those for vacancies tavhich they conjecture is the result of a strain enhancement of
dominate the latter. In the subsequent consolidation or equilithe vacancy diffusion constatitAll of these aforementioned
bration phase, either or both types of mass carriers can inflRrocesses involve the post-deposition removal equilibra-
ence the morphological evolution of adatanvacancy is- tion of the surface where both adatom and vacancy transport
lands depending on their concentrations and mobilities. Fofay contribute. To understand these processes and to assess
example, vacancy diffusion has been shown to be the domthe anomalies, knowledge of both adatom and vacancy trans-
nant mass transport mechanism on(1D0) (Ref. 7) for the ~ POrt constants are necessary, especially near step and island
ripening of either adatom or vacancy islands. It has also beefdges.
suggested, on the basis of kinetic Monte Carlo simulations Pai and Reutt-Robéy report a dominant 3D vacancy is-
for Cu(100), that vacancy diffusion across upper island ter-land (pitting) morphology on Ag100) with sufficient G ex-
races dominates the diffusion constant and scaling exponepbsure. In sputtering experiments Constanial*® ob-
for large Ag100 adatomislands as welf. Given the com-  serve 3D pitting well above room temperature on(2i),
plicated nature of the interatomic forces, the dominance ofvell beyond the temperature at which 3D islands form for
adatom or vacancy transport is hard to predict in advancadatom islands in deposition. The former work suggests a
and varies from surface to surface and between atomic sp&acancy ES barrier on A§10), while the latter investigators
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TABLE I. SEAM vacancy and adatom surface formation ener-SEAM surface adatom and vacancy formation energies, and
gies, in meV, for the low-index faces of silver, and their equilibrium Corresponding room-temperature equi"brium concentrations,
concentrationseq in nm"* at 300 K. The number in parentheses for the three low-index faces of Ag. On all three faces the
indicates the power of 10. vacancy equilibrium concentration is higher than that for
adatomslalbeit only slightly higher on(100]. Therefore

Adatom Vacancy I . . - .
Ee Ceq Ee Ceq equmbrlum concentrations of vacancies will be as hlgh as or
higher than those of adatoms. While these concentrations are
Ag (111 847 4.07-14) 758 1.27-12) low on the atomic scale, they are sufficient to drive the dif-
Ag (100 546 8.03—9) 544 8.68—9) fusion and coarsening of larg&100) islands, which are
Ag (110 283 1.49—4) 226 1.35-3) typically observed by STM over periods of hodrs?

We compute both adatom and vacancy diffusion activa-
tion energies as described in previous wtkhe main dif-
have cited a vacancy ES effect as a possible explanation @rence is that a vacancy diffuses in the surface layer, while
their ~observations. — Effective - medium — theoryEMT)  an adatom diffuses above the surface. Physically, the diffu-
calculations’ predict a 0.24-eV-vacancy ES barrier on gjon of 4 vacancy from sites to B corresponds to a surface

Agl(l(l)O)., 2 whg_e embedded-stom-method (EAM) " atom diffusing from siteB to the site of the former vacancy
calculations predict a 0.18-eV ES barrier on Q100 In our at A. Thus the basic hyperplane search used in Ref. 20, uti-

investigation of vacancy diffusion near step edges, one of thﬁzing the conjugate gradient method, can be employed un-

main purposes is to systematize these vacancy diffusion bar- _ =
. . modified except we now move surface atoms rather than ada-
riers for the Ag surfaces in a way that would apply to other

metal surfaces as well. We will also indicate how knowledgetoms’ employing the SEAM potential to calculate total

of the vacancy diffusion near step edges impacts the undep_nergies. For exchange diffusion we must consider alternate
standing of some of the aforementioned observations. pathways between initial and final state to find the one with

This paper explores the “energy landscape” of vacanciedhe minimum saddle-point energy. As in the previous

on the low-index silver surfaces, i.e., the sequence of diffulnvestigatior, we estimate the numerical uncertainty of our
sion activation energies and site adsorption energies a v&arriers as~2 meV for hopping processes ard.0 meV for
cancy encounters as it diffuses along the terrace or over dxchange processes. This represents just the error coming
along step edges. We employ the surface-embedded-atofim the hyperplane search. An additional uncertainty exists
method® (SEAM) for Ag to calculate these energies. Sectionfrom using a semiempirical potential.

Il describes the calculation of the vacancy energy landscape Different EAM potentiald® can predict different values
using this potential. Section Ill gives the energy landscapefor the same diffusion constant differing by a factor of 2, but
for vacancies diffusing near and along step edges and mogenerally reproduce the relative trends of different diffusion
phological consequences. We illustrate the role of the adatoronstants that are obtained from experiment or first-
and vacancy ES barrier in producing pitted morphologies orprinciples calculations. Our SEAM potentials give much bet-
low-index Ag faces. A simple model is proposed involving ter description of surfaces than most other EAM potentials,
bond breaking and initial- and final-state coordination to acand for adatoms on low-index Ag surfaces the diffusion bar-
count for the calculated energy landscapes. We show how thgarg typically differ by 10%—15% from experimental values,
vacancy ES effect can help account for the observation of 3 here availablé® From the EAM model of Adamst al,®s
vacancy island growth on Ag surfaces. Using our calculateqyep et al26 calculate and systematize, for several metal fcc
energy landscapes, we discuss their implications on 2D V&g syrfaces including Ag, a set of diffusion barriers in-

cancy islgnd shapes and_ the outstanding issues concerni deing some of the vacancy diffusion processes we con-
the diffusion and coarsening of large clusters or(1g). sider. The present work differs in that we consider the full

vacancy energy landscapes near step edges, corners, and
Il. SEAM MODEL OF VACANCY DIFFUSION BARRIERS kinks. Furthermore, some of the barriers we calculate with

We employ the SEAM potential AG1 of Ref. 18 in our the SEAM differ appreciably from those predicted by EAM

calculations of surface energetics. The formal description o%Ref' 26d and E?f/”— _(Ref. 17 caflculations. 'I('jhe Aéj.ll) f
the potential is the same as in the embedded-atom methogEAM adatom diffusion energy of 0.12 eV and ES barrier o

except that the pair potential is of a general form, more ir0-14 eV are in good agreement with experimental determina-

keeping with the glue model of Ercolesstial’® The param-  tions of 0.10 eV(Ref. 2 and 0.12 eMRef. 3, respectively.
eters of the potential are fit to surface energies and low-indexhe SEAM predicts a 0.038-eV ES barrier on(Ag0) going
reconstructions in addition to the usual bulk properties- by exchange diffusiorisee next section, Table)]lwhereas
hesive energy, lattice and force constants,)efthe terrace EMT (Ref. 17 indicates a 0.11-eV barrier going by hopping.
diffusion and ES barriers predicted by this potedfiare in  The near vanishing of this barrier by exchange is favored by
good agreement with those measured experimentally othe experiment of Suzikiet al?’ and density-functional
Ag(111) (Refs. 3 and 2land Ag100) (Refs. 22—24 calculations® However, experiments and simulations by
Before we address the question of the energy landscap@hanget al? and Stoldt and co-worket$*’indicate that an
we will address the question of whether vacancy transporES barrier of 0.03—0.06 eV can help account for the ob-
can be important factor in island dynamics. Table | gives theserved roughness of the A0 surface at~200 K. To our
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FIG. 1. Vacancy energy landscalid line) as it diffuses from FIG. 2. Vacancy(solid line and adatom(dotted ling energy

the lower terracéfrom site 1) over the Ag111) A-step edgéeto site landscape near the A1) B-step edge. The diagrams and symbols
6). The straight lines just connect vacancy sites with neighboring, 5y e the same meaning as in Fig. 1.

saddle points. The dotted line gives the adatom landscape for com-
parison, connecting fcc sites with neighboring saddle points. Theation, as opposed to ninefold in the terrace, and is meta-
diagram gives a schematic side view of the vacancy diffusing ovestable as vacancies, in contradistinction to adatoms, prefer
the step edge. The lower set of numbers on the graph correspondsdites of low coordination. The vacancy is strongly “bound”
the set of numbers at the vacancy sites on the diagram. The uppgs the top of the step edge, site 4, as this site has lower
numbers on the diagram indicate the fcc adsorption sites. (sevenfold atomic coordination. The vacancy easily climbs
the step edgéto site 4 with a barrier of 92 meMA) or 28
knowledge direct measurements or first-principles calculameV (B). Thus the maximum energy barrier encountered is
tions of the Ag vacancy diffusion barriers do not presently606 meV(A) [630 meV(B)] when the vacancy diffuses over
exist. the lower terrace and up the step edge. The difference be-
tween this energy and the vacancy terrace diffusion energy
IIl. RESULTS (away from the step—202 meV(A) [226 meV(B)]—is the
vacancy Ehrlich-Schwoebel barriAEgs and is so indicated
Usually, surface vacancy diffusion on the terrace requiresn Table Il. Unlike its adatom analog, the ES barrier is en-
the breaking of more bonddy the moved atomthan ada- countered immediately before the interlayer transport rather
tom diffusion above the surface. This suggests that vacancieRan during. The ES barrier will produce a downhill vacancy
should be less mobile than adatoms. However, the bonds acgirrent or, correspondingly, an uphill mass current and pro-
broken in an environment with a higher coordination wheremote pitting and mounding.
the bonds are weaker. Thus it is hard to judge the mobility If we look at Fig. 1 for a vacancy diffusing on the top
without an actual calculation. On the basis of our calculaterrace, eventually attaching to the top of the step edge at site
tions, we will later propose some simple bond-counting rulest, there is a large decrease in the diffusion barrier on attach-
to estimate vacancy diffusion landscapes. ment, i.e., when the vacancy diffuses from site 5 to site 4.
Figure 1 illustrates the SEAM energy landscape for a va\When the corresponding atom moves from sites 4 to 5, fewer
cancy diffusing on the A@11) surface starting from travers- bonds are brokerftwo) than in terrace vacancy diffusion
ing the lower terrace and proceeding up #step edgé100  (three, and this vacancy “attachment” barrier is significantly
microface}. The landscape for diffusing adatoms is includedlower than the terrace diffusion energy. The increase or de-
for comparison. Figure 2 gives the landscapes forBfstep  crease in the attachment barrier over the terrace diffusion
edge (111 microfacet Table Il compares the terrace and energy is denoted aSE, in Table Il. A large negative\ E 4,
step-edge diffusion energies of adatoms and vacancies, afid-280 meV(A), —264 meV(B)] is a rather striking feature
the excesgES) barriers over steps, corners, and kinks, forof the energy landscape for vacancies, much more so than its
the considered low-index faces of Ag. Vacancies are mucldatom counterpart.
less mobile than adatoms with a terrace vacancy diffusion The energy landscapes of Figs. 1 and 2 can be semiquan-
energy of 404 meV(versus 117 meV for adatomsn titatively accounted for from simple bond-counting argu-
Ag(111), and the vacancy landscapes are rather similar foments. We illustrate with thé-step results. The energies at
the A and B steps. When the vacancy moves from site 2 tothe vacancy adsorption sites increase approximately linearly
site 3, attaching to the bottom of the step, the moved atonn the atomic coordination of site, with a proportionality con-
moves from site 3 to site 2, requiring the breaking of a bondstant 250—-320 meV. For example, the terrace sites have nine-
with the atom in site 4 in addition to the usual breaking offold atomic coordination, whereas site 4 has sevenfold coor-
surface bonds. Thus a highgg06 meV(A), 630 meV(B)]  dination and an energy decrease of 494 meV. As for vacancy
barrier is obtained. Site 3 is a site of tenfold atomic coordi-diffusion in the open terrace, three of the five surface bonds
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TABLE Il. SEAM adatom and vacancy terrace diffusion enerdigsy), step-edge Ehrlich-Schwoebel
barriers (AEgg), step-attachment barriers\E.,), edge diffusion energietE.q,9, and corner and kink
Ehrlich-Schwoebel barrier®AEes,AEkeg). All energies are defined in the text and figures, and are ex-
pressed in meV. When two numbers appear for(Agjl), the first refers to the A step, the second to the B
step. The Ag110 results are for diffusion between close-packed rows. Underlined numbers indicate that the
process goes by exchange diffusion.

Ag (111 Ag (100 Ag (110
Adatom Vacancy Adatom Vacancy Adatom Vacancy

E2TD 119 404 402 473 323 668
AEgs 139 6 202 226 39 248 383 367
AE —-54 -25 —280 —264 —26 —230 19 10
Ecdge 294 472 o o
AEces 213 148
AEyes 118 7

are broken for the moved atom going to the transition statewhereE; is the energy with a vacancy at siteelative to that
e.g., in the vacancy diffusion from site 1 to(®ith an atom  on the terrace away from the ste&R, the atomic coordination
moving from 2 to }, with a diffusion barrier of~400 meV.  of the site, andCt the atomic coordination of a site on the
Hence a cost of approximately 130 meV can be associategpen terrace. In Eq(1b), AE;; is the diffusion activation
with the breaking of a surface bond. Also, when there is &yarrier for a vacancy diffusing from siieto j, and Sg;; the
change between initial- and final-state atomic coordination, ;mber of “surface” bonds broken when an atom is moved
the forming of additional(fewen bonds significantly de- fom sitej to i. Surface bonds include all nearest-neighbor

creases(increasek the diffusion energy. For example, for ,,n4q ot |east partially exposed to the surface. They would

vacancy difusion between sites 4 and 5, three surface bqn ficlude the partially vertical bond between atoms at sites 3

are broken as In vacancy terracg dlﬁusmn,_but the d|ffu5|o. nd 4 and the partially exposed surface bond between an
atom 5 has initial-state coordination 8 and final-state coordi- : .
. e . : : tom at site 3 and the nearest-neighbor atom on the same
nation 6, a decrease of 2. The diffusion barrier here is 61 . ) i
evel just below the step edge. The breaking of bonds with

meV, 218 meV higher than the vacancy diffusion barrier. . >
, : e the subsurface is not taken into account, although they may
Therefore the gain or loss of atomic coordination costs ap;

proximately the same as breaking surface bonds. have some minor influence. For £, Cy=9 and we take

: =130 meV. Table Il gives the comparison between the
The above explanation of the energy landscape can b%o.
approximately described by the relations estimates of Eq(1) and the SEAM-calculated energy land-

scape. The agreement is quite good, even when interlayer
transport is involved. Normally, bond-counting arguments do

Ei=2Eo(Ci—Cr), (13 not account for the ES barrier in adatom diffusion because
(as in Ag the process goes by exchange. Equatibndoes
AEjj=Ey(Sg;;+Cj—Cy), (1b) not apply to exchange diffusion, which is generally less fa-

TABLE lll. Energy landscape for a vacancy diffusing in the surface of(&tjl) from sites 1 to 6 of Fig.
1, as predicted by Eq1) and as calculated by the SEAM. Thg parameter for Ag111) is 130 meV. Here
Ej; is the saddle-point energy between sitesidj, i.e., Ejj=E;+AE;; of Eq. (1). All energies are in meV.

i E (SEAM)

i C; Sgji E [Eq. (D] A step B step
1 9 0 0 0

1 2 3 390 398 411
2 9 0 1 1

2 3 4 650 606 624
3 10 260 326 430

3 4 4 390 418 458
4 7 -520 —494 —527

4 5 3 130 124 134
5 9 0 26 30

5 6 3 390 404 433
6 9 0 -1 -6
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FIG. 4. Critical and average adatom and vacancy island radii for

FIG. 3. Vacancy and adatom landscapes near th@@@y step  nucleation of 3D islands or pits on A0 using the theory of Ref.
edge. Symbols and layout are the same as in Fig. 2. 32. Results are for coverage of 0.25 ML, deposition or evaporation
flux of 0.01 ML/s, and a critical island size of=1.

vorable for vacancy diffusion processes than it is for adatom
diffusion. from nucleation theory: We define the critical radius similar
Do the trends observed for vacancy diffusion on®d) to Ref. 3, i.e., the island radius on top of which stable clus-
carry over to the other low-index faces? Figure 3 illustrateders start to nucleate. Our estimate of the critical radius for
the corresponding energy landscape for(XQf). The fea- 3D island formation utilizes the nucleation frequenay
tures are qualitatively similar to A§11) with a metastable given by Eq.(13) of Krug et al®? to determine a critical
state when the vacancy is attached to the bottom of the stepdius of a 2D island at which one island of critical size
edge and a strongly bound state when attached at the top.1 will be nucleated on top of it, i.,e@t=1, andt is the
Unlike on Ag(111), vacancies are only slightly less mobile deposition time. For purposes of illustration we take an inci-
on Ag(100 than adatom$473 meV versus 405 me\on the  dent or evaporation flux of 0.01 monolayer per sec@vid/
terrace. The SEAM result suggests that vacancies are not ag a coverage of 0.25 ML, and all diffusion prefactors of 1.0
mobile on Ag100) as predicted in the EAM360 meVj (Ref.  THz. We also assume stable divacancies and diffiersi .
26) or EMT (412 meV (Ref. 17 calculations. The vacancy =1). The vacancy ES effect here accounts for a very small
ES barrier of 248 meV occurs again on the attachment to theritical radius to well above room temperature. Under the
lower step edge just before the interlayer transport of theassumed conditions the transition temperature for 3D to 2D
vacancy up the step edge. The diffusion energy of a vacanogrowth (i.e., whereR, becomes more thafR)) does not
on Ag(100) is similar to that of an adatorfsee Table ll, but  occur until 340 K for vacancies as compared to 120 K for
the ES barrieA Egsis much larger than for an adatoffable  adatoms. In sputtering experiments Constaretral 2633 ob-
II). Likewise, AE,; for a vacancy is very largéunlike that  serve considerable 3D pitting up to about 350 K compared to
for adatom$ and negative, which facilitates attachment to 3D island formation cutting off at about 220 K in comparable
the top of the step edge from the top terrace. deposition experiments. The above results confirm that the
One difference between vacancy and adatom diffusion onacancy ES effect considerably facilitates pitting or(2@)
Ag(100 is that, similar to Agl1l), exchange diffusion does above room temperature as well.
not play a role in vacancy diffusion on the terrace or over the The results in Fig. 4 illustrate the important role of the
step edge(see Table ). Our equations(l), with E,  vacancy ES effect in 3D pitting. The ES barriers we used are
=140meV, does a good job in estimating the energy landtaken directly from the SEAM for interlayer transport over a
scape. The largest error comes in estimating the ES barrietjose-packed110) straight step edge. We did not consider
which is overestimate660 meV versus 248 meV possibly enhanced interlayer transport over thermally rough-
The large ES barrier on A§00) promotes a large down- ened step edge$3* We also calculated the critical radius
hill (uphill) vacancy(mas$ current. In analogy to the adatom using the earlier treatment of Tersaif al” The results are
ES effect promoting 3D growth, the vacancy ES effectqualitatively similar to those of Fig. 4, but differ quantita-
should promote 3D vacancy island growth, i.e., pitting, adively in that the transition temperatures become 140 and 420
suggested in Ref. 16. Figure 4 illustrates the role of the vaK for adatom and vacancy islands, respectively. Ketigl >
cancy ES barrier in 3D vacancy island growditting) on  and Heinrichset al3® argue that the rate equation apprdach
Ag(100 and a corresponding plot for adatoms. This figurehas a limited range of validity, especially when the nucle-
plots the average 2D island radius and the critical radius foation on top of islands is a rare event.
3D island formation for vacancy and adatom islands as func- Ag(110 has a quite different energy landscape than the
tions of temperature. The average radius, which depends did00) and(111) faces, owing to its lower symmetry. Figure 5
the incident flux, coverage, and temperature, is obtainedepicts the energy landscape for a vacancy ofllAQ near
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FIG. 6. Vacancy energy landscape as it diffuses along and
FIG. 5. Vacancy and adatom energy landscapes near thgound the corner of a step edge of a vacancy island qa0gy
Ag(110 step edge. The close-packed rows go into the paper.  The diagram is a top view with dark circles representing upper-
terrace atoms and the white circles representing the top layer of the
and over a close-packed step. Migratibetweenclose- vacancy island. The dashed line on the diagram and graph indicates
packed rows goes by exchange because of the open nature!B¢ exchange path 2-4.
the (110 surface, with a barrier of 668 meV. Migratiaiong
the close-packed rows goes by hopping with a barrier of 454rable Il), and these mobile adatoms are emitted from the step
meV. The ES barrier is the highest studied witEs  edges(most likely from kink sites at a rate fast enough to
=367 meV. A striking feature of Fig. 5, besides the veryannihilate the nearby vacancies before they can nucleate.
large ES barriers, is that vacancies do not bind to step edges, We now consider vacancy diffusion along the step edge of
nor is there a significankE,,;. These features are present in vacancy islands and examine the features of the analogous
the adatom landscape as well and result from the bonds b&S effects at corner and kinks. Step-edge diffusion is known
tween close-packed rows being weak second-nearests influence island shapes as easy edge diffusion in relation
neighbor bonds. The step edge, on both the upper and lowén terrace diffusion promotes compact island shapes, while
terraces, acts as a reflecting barrier for both and vacancigke opposite promotes fractal shap&s’ This holds for va-
and adatoms on A@10). cancy islands as well. Edge diffusion can also be the primary
The large ES barrier for vacancies on(Ag0 facilitates  transport mechanism in the diffusion of large adatom or va-
pit formation under evaporation conditions. Large pits havecancy cluster! Furthermore, recent investigations have
been observed with STM on Afl0 with large G  shown that the 2D analogs to the ES barrier, i.e., the extra
exposuré?® Here the vacancy ES effect causes a downhillenergy needed to diffuse around a corner or kink of a step
vacancy current maintained by single atom vacancies proedge, have profound influences on 3D growth and step fluc-
duced by the impinging ©molecules, with the resultant pit- tuations as welf®*° We now assess the role that vacancy
ting. An interesting feature of these observatidnis a diffusion plays in these processes.
“depletion zone” of ~1600 A from the step edge on the  Figure 6 illustrates the landscape encountered by vacan-
lower terrace. As pointed out by Kandein the absence of cies migrating along the A@00 step edge and rounding
an adatom attachment barrier on the lower terrace, the stegorners of vacancy islands. These are compared to the corre-
edge acts like a perfect sink for lower terrace adatoms, espsponding adatom quantities in Table I, in whidtEgg is
cially if the binding to the step edge is large, which will lead the extra energy needed to diffuse around the corner. All the
to a decreased adatom concentration, or depletion zone, dliffusion energies shown are well described by Edswith
the lower terrace near the step edge. By the same token v&,= 140 meV.
would normally expect a depletion zone of vacancies near The vacancy edge diffusion energy is slightly higher than
the upperstep edge. Unlike the other low-index faces, how-on the terrac€472 meV versus 404 meybut much higher
ever, vacancies do not bind there on(At0); thus, no deple- than that of adatom&94 meVj, and a metastable site occurs
tion zone would be expected there, nor is one obsetvEdr  at the corner where the atomic coordination increases. A cor-
vacancies we would normally expect enhanced pitting on tha@er vacancy ESCES) barrier occurs because the atom origi-
lower terrace near the step edge due to the increased collrally in site 3 loses a nearest-neighbor bond when it moves
sional flux of vacancies reflecting off the step edge from theo site 2, whereas the number of exposed surface bonds bro-
ES effect, but just the opposite is obsert@dere the effect ken is 3 for either vacancy diffusion path 1-2 or 2-3. Our
of the increased collisional flux is suppressed because thBEAM vacancy edge diffusion and additional corner barriers
vacancies are quite immobile compared to adat@fiig. 5,  are close to the EAM valué$.Figure 6 also illustrates va-
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corner and a kink. However, now the shortcut path 2-4 is
preferable as the exchange barrier is now 104 meV cheaper
than the hopping 2-3-4 path, loweridg= ks to only 7 meV.

The exchange process is more favorable than it is for the
shortcut corner diffusion of Fig. 6 because the moved atom
in site 4 has one fewer surface bond to break: i.e., there is no
surface atom in the position of site 5 of Fig. 6. Furthermore,

06 exchange diffusion may benefit from the occupied upper ter-
race sites that are nearest neighbors of the final site. Haftel
0.4 + and Roseff find a dramatic lowering of the exchange barri-
‘ ers for Au/Ag111l) when an adatom occupies a nearest-
g 02 + neighbor site to the final site of the atom ejected from the
2 surface: i.e., this nearby adatom catalyzes the exchange dif-
o 01 fusion. The present result indicates that step edges also cata-
w lyze exchange diffusion events by lowering the exchange
o2 1 \ barrier.
' | The elimination of the vacancy KES barrier also elimi-
PR . nates the directionality of the mass flow coming from vacan-

cies, i.e., the “up-kink” mass flow(that is, in the direction

FIG. 7. Vacancy energy landscape as it diffuses along anfﬁ:om site 2 to site 5 in Fig. J'that the KES effect would
. . (0] . . _
around a kink of a step edge of a vacancy island oflA@. The ormally producé’. By itself this would repress short

d . . o wavelength step fluctuations. The adatom KES effect would
ashed line on the diagram and the graph indicates the exchan%%” contribute to the kinetic asvmmetr ina to the |
path 2-4. o % y, owing to the larger
mobility of adatoms along the step edge. However, allowing
cancy corner rounding by the “shortcut” 2-4 with the ex- the vacancy kinetics to dominate, for example by an evapo-
change mechanism. This path is 99 meV more expensiveation flux, could help “straighten” steps.
than the path 2-3-4 around the corner. The shortcut exchange As a final illustration of the role of the vacancy diffusion
path, however, is preferable for adatoms rounding cornersnergy landscapes calculated here, we comment on the dif-
(Table II). fusion and coarsening scaling exponents for large clusters on
As previously noted, island shapes are primarily influ-Ag(100). In the post-deposition phase, the islands diffuse and
enced by the facility of periphery diffusion versus terracecoarsen. The diffusion constant scales accordingDto
diffusion (TD).3**" Easy diffusion around the island periph- ~R™%, whereR s the island size and is the scaling expo-
ery favors compact shapes: difficult periphery diffusion fa-nent. The islands coarsen according(i¢)~t%#, where 8
vors fractal shapes. As pointed out by Zhaetal.3’ periph-  =1/(a+2). Paiet al,'® in STM observations of diffusion
ery diffusion is influenced by the diffusion around corners asand coarsening, determine that=2.3 for clusters of 100—
well as diffusion along the straight step edge. The CES effecs00 atoms. On the other hand, Stoidtal,™ in STM obser-
additionally favors fractal shapes, and a large CES barrievations of island coalescence, get2.5—3.0 as clusters de-
renders the corner-rounding barriedf{=E.qqst AEceg as  crease in size from 270 to 40 atoisee their Fig. # On the
the rate-determining process in mass transport around islarizhsis of kinetic Monte Carlo simulations, it has been
edges. We expect that the higher edge diffusion barriersuggestetithat a combination oadatomedge diffusion and
(relative to those of Tfor vacancies would yield less com- vacancyterrace diffusion(on top of the adatom islandic-
pact vacancy island shapes at a given temperature than thoseunt for this intermediate behavior. Others argue against
of adatoms. However, the smalleXE~zs for vacancies this view. A dominance of periphery diffusion mechanisms in
would mollify this effect. ThenE is still less for adatoms island diffusion and coalescence on(Ag0) is advanced in
than vacancie$507 meV versus 620 meV, Table,lbut the Ref. 11 as well as in investigations of island coalescence on
determining factoE.— E1p is only slightly less for adatoms Ag(111) (Ref. 40 and in the decay of islands attached to step
(103 meV than for vacancie$147 me\j. We have applied edges on AGLOO) (Ref. 41).
the formulation of Zhanget al®” with our diffusion barriers What do the SEAM energy landscapes suggest about the
to study the fractal-compact shape transition. The results inscaling? Khare and Einst&igive the cluster diffusion con-
dicate that both adatom and vacancy islands ori180 stants and scaling exponents in terms of the underlying dif-
should be compact at room temperature, but below 200 K théusion constants in their equatiofis2) and(19). Using these
vacancy islands would tend more toward fractal shapes thaexpressions and the SEAM diffusion barriers and equilib-
adatom islands. rium densities—and using an attempt frequency of 1.0 THz
The energy landscape for vacancy edge diffusion in theis well as the kinetic coefficients as derived by Kafidale
presence of a kink is illustrated in Fig. 7. A kink EBES)  obtain the cluster diffusion constants on(Ag0) depicted in
barrier of 111 meV arises for the 2-3-4 pathway in the samd-ig. 8. We separate the adatom and vacancy diffusion con-
way as the CES barrier previously discussed. This is close tsibutions to theadatomcluster diffusion constants and also
the additional barrier of 130 meV calculated in Ref. 24,indicate the results if edge diffusion alone is considered. The
where no distinction is made between diffusion around eeffective scaling exponenig(N) indicated atN= 100, 500,
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Ag(100) Cluster Diffusion Constant where the ES barrier is very low for adatoms. The ES barri-
300 K ers, as well as the rest of the vacancy energy landscape near
step edges, are well accounted for by the bond-breaking and
coordination arguments summarized in our equati@hsnd

1.00E-19 - should appear also for other fcc metals. Furthermore, the
1.00E20 ~  Adatoms w{ barriers for vacancy attachment to the top of step edges are
T 1.00E-21 - a=2.41 much lower than their terrace diffusion barriers. The obser-
Né' 100E-22 ~ a=2.57 vations of pitted morphologies on A0 and Ag110 are
5 | Vacancies W1 consistent with the vacancy ES effect. Vacancies are also
g 100E-23 - ' significantly less mobile than adatoms on the op&a0
1.00E-24T terrace (barrier473meV) and along step edges (barrier
1.00E-25 1 ‘ =472meV). This means that adatom diffusigmainly
10 100 1000 around island edgewwill dominate mass transport in both
Atoms in Cluster adatom and vacancy island decay, coarsening, and diffusion
on Ag(100.

FIG. 8. Adatom and vacancy contributions to the cluster diffu- e 1D analog to the ES barrier around vacancy island
S'Og éonitgnt? gt ?Oé) }f”? " g‘mlg)l’. using .?EANI“ d;]ﬁuZ'_?fn barriers o mers exists 4Eces= 148 meV) on A¢100), but is much
atn tq'(h) 0 ?h. p hte l.ar 'nt.el.s Utir'lzez t Z'ﬁl usion ‘ion' repressed around kinks on step edgé<E(es=7 meV),
stants, whereas the fighter fines Uliize Ine edge difiusion only. - \yhereas both types of barriers exist for adatoms. The KES
' . barrier all but disappears as the exchange mechanism be-
Eind 1000 ~ are defined fiom the reIanrq(N) comes favorable to hopping for this process, perhaps because
=din Dglt_jln N. Por the rangé =100-300, the _scallng €X- the nearby step edge “catalyzes” the exchange process. Ana-
ponent is in good agreement with the observations of Stoldi i calculations here have indicated that the vacancy ES
et al™" It is clear from this figure that the diffusion of vacan- o ier can greatly influence adatom and vacancy island mor-

cies contributes negligibly to the total cluster diffusion con- j,,0150v specifically bromoting pitted morphologies at room
stant and that edge diffusion of adatoms dominates, but th mpgr);tufe underyn?ass-rem%(f)alg. evap%ratic?n sputter-

adatom terrace.diffusion d‘?es help dec_rease the exponent iﬁb) conditions. Monte Carlo calculations utilizing these dif-
large N. Vacancies are too immobile, with the terrace diffu- ¢,qion barriers could clearly verify their role.

sion and edge diffusion barriers 0.18 eV higher than the edge
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