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Evolution of far-from-equilibrium nanostructures on Ag (100 surfaces:
Protrusions and indentations at extended step edges
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Scanning tunneling microscopy is used to monitor the formation and relaxation of nanoprotrusions and
nanoindentations at extended step edges following submonolayer deposition of Ad@0APeposition of
up to about 1/4 ML Ag produces isolated two-dimensio(@D) Ag clusters, which subsequently diffuse,
collide, and coalesce with extended step edges, thus forming protrusions. Deposition of larger submonolayer
amounts of Ag causes existing step edges to advance across terraces, incorporating 2D islands. The resulting
irregular step structure rapidly straightens after terminating deposition, except for a few larger indentations.
Relaxation of these far-from-equilibrium step-edge nanoconfigurations is monitored to determine rates for
restructuring versus local geometry and feature size. This behavior is analyzed utilizing kinetic Monte Carlo
simulations of an atomistic lattice-gas model for relaxation of step-edge nanostructures. In this model, mass
transport is mediated by diffusion along the step edge, “periphery diffusion”). The model consistently fits
observed behavior, and allows a detailed characterization of the relaxation process, including assessment of
key activation energies.

[. INTRODUCTION gations have focussed on the near-equilibrium dynamics of
monoatomic step edges. Above mentioned studies of
The response of physical systemssl@ght perturbations ~ “frizziness,” ** and similar ~studies of step-edge
from equilibrium, or even to spontaneous fluctuations aboutoughness;*** have elucidated both mass transport and en-
the equilibrium state, determines macroscopic transpor€rgetics at step edges. In similar studies, the time-correlation
coefficients! However, in general, one would expect that thefunctions describing equilibrium fluctuations of step edges
relaxation of systemfar from equilibrium can provide more have been analyzed in order to assess such mass transport
detailed information into underlying transport processes. InProcesses and effective transport coefficiéhtadore re-

deed, various stages of such relaxation might be controlle§NtlY. there have been reports of a few studies of the relax-

by distinct microscopic processes, so activation barriers spétion of more exotic far-from-equilibrium step-edge nano-

cific to these could potentially be extracted from the kinetics structures, precisely the focus of the current study. Our group

In this paper, we present a detailed characterization of thgas characterized the relaxation of protrusions at step edges

7,18 . .
relaxation of far-from-equilibrium two-dimensional2D) on Ag/Ag(100 surfaces,"*and the restructuring of pairs of

step-edge nanostructures on (260 surfaces at room tem near-square adatom clusters for both side-on or corner-to-
p-€dg 0 corner collisions’~2° Analogous observations have been re-

perature to gain fundamental insight into the atomic-scal%orted for the decay of protrusions at step edges on Cu/
processes mediating the approach to equilibrium or reIaXCu(lll) surface?! and for corner-to-corner cluster
ation. This theme fits with a number of other recent studieg,glisions on Cu/C(L00) surface€? Relaxation subsequent
of relaxation processes for both submonoldygrand g collision of vacancy clusters with other clusters and with
multilaye®~® metal films, shifting somewhat from the pri- step edges has been analyzed for Adig) surface< Fi-
mary focus of the last decade on the formation of nonequinally, we mention that the analogous coalescence or sintering
librium structures during depositiof. of pairs of 3D clusters has been observed long %gmd
The viability of such studies requires, of course, that thethere have been some recent theoretical developments on this
relaxation dynamics occurs on experimentally accessibl¢opic?®
time scales. Somewhat surprisingly, for metal surfaces near A general understanding of these processes comes from
room temperature, this feature has been demonstrated bytlae recognition that relaxation is driven by reduction in the
number of scanning tunneling microscop$TM) studies. free energy of the step edge, and noting that this free energy
These reveal that rather than being “static,” metal surfacess typically dependent on step orientatithf® For larger
can actually be in a state of flux. This is evidenced by thestructures or larger characteristic lengths, it is reasonable to
equilibrium fluctuations or “frizziness” of monoatomic step adopt a coarse grained or continuum description of step-edge
edges on Cu, Au, and Ag surfackdn addition, evolution of ~ structure. Then fluctuation or relaxation dynamics are de-
nonequilibrium submonolayer or multilayer structures cre-scribed by a continuum evolution equation, which assumes a
ated either by depositiolf,or mechanically using the STM Langevin form when incorporating noise to describe fluctua-
tip,*>** has been observed. tion dynamics’® Indeed this approach has been successfully
Next, we briefly review previous studies of dynamics andapplied to analyze both near-equilibrium fluctuatidhé
relaxation at step edges, which are most relevant to thiand relaxation of far-from-equilibrium structurés® These
study. First, we emphasize that most previous STM investiequations involve effective transport coefficients, which can
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(a) (b) scribe in some detail our atomistic lattice-gas model for re-
structuring where mass transport is mediated by periphery

m diffusion of adatoms along the step edge. We also mention
< [110] close packed >~ alternative mass transport mechanisms, together with some

indications from previous studies that periphery diffusion
(rather than the other mechanignskould dominate restruc-
Y turing. In Sec. IV, we examine specifically the relaxation of
[100] open ”" nanoprotrusions at botfl10] and [100] step edges. Some
analysis of observed behavior is provided, as well as a com-
FIG. 1. Schematic of the structure ¢8) a close-packe@110]  parison of behavior for the different step orientations. A
step edge(b) an open[100] step edge, on an ft00) metal sur-  priefer but analogous discussion of relaxation of nanoinden-
face. tations is provided in Sec. V. Extending the investigation in

be determined by fitting to experimental data. Despite somgec' v, we note in Sec. V.l that ot_her unusualistep ed.g.e
success with continuum modeling, there are a number Otﬁanoprotrusmns can be fabricated with the STM tip. Specifi-

reasons why a more detailed atomistic description is pregally, we discuss the formation and relaxation of elongated

ferred or even necessary in our studies of relaxation pro[eptangular protrusions orth_ogonal I@mlp] step edge?- A
ief discussion of the predictions of simplified continuum

cesses. First, a range of quite small structure sizes is prob cories | ided in Sec. VII. and of int i "
in the experiments, so one should question the applicabilit 1€S 1S provided In Sec. VI, and ot interaction Energetics
ind modified lattice-gas models for periphery diffusion is

of the continuum approach. Second, we are interested in a . . : :
sessing activation barriers for specific microscopic processé%,rov'de?j in Sec. VIII. Finally, some conclusions are pre-
controlling relaxation, which constitute the input of atomistic sented in Sec. IX.
models. Third, we also wish to compare relaxation dynamics
introducing a yariety of competing microscopic processes || ExpERIMENTAL SETUP AND PREPARATION
and pathv_vay_s_ into our atomistic models. Fourth, fluctuations OF SURFACE MORPHOLOGIES
can be significant in the decay of smaller structures, and
atomistic simulations provide direct information on this be- The key details of the experimental settp'®are first
havior. Thus, we shall focus on the analysis of experimentatiescribed briefly. We use an Omicron room-temperature
data with an atomistic model, making only some brief com-STM housed in an ultrahigh vacuum chamber with base
ments on corresponding behavior predicted by continuunpressure of below 10°Torr. The Ag100 substrate is pre-
descriptions. pared through cycles of Ar-ion sputtering and annealing to
This paper will present a detailed analysis of the relax-700 K. Contamination is minimal based on inspection of
ation of both far-from-equilibrium nanoprotrusions and STM images, and on Auger spectroscopy analysis. Initial
nanoindentations at extended step edges ol @@ surfaces film configurations were created by evaporative deposition of
at room temperature. The nanoprotrusions are typicallyAg from a home-built liquid nitrogen shrouded source onto
formed according to the following scenario. Deposition of upan Ag100 single-crystal surface always held at room tem-
to ~0.25 ML of Ag produces isolated 2D Ag clusters, with perature (29& 3) K. Large area scans of post-deposition
near-square shapes having close-packetD] step edges evolution were taken at intervals of 3—15 min. Rates of
[Fig. 1(@)]. These subsequently diffuse intd& collide, and  change of key dimensions were then monitored, these dimen-
coalese with extended step edd®3he predominant, equi- sions being obtained consistently using the full width at half
librium step-edge orientation ig110], and clusters collide maximum of the scan profiles. The database presented here
side on with such step edges creating an initial square provas obtained on a variety of single crystals, and with various
trusion. However, for various reasons enumerated below, odtinneling conditiongalthough these were generally chosen
surfaces also present some “metastable” op&@0] step to minimize tip-surface interactions, e.g., voltage
edgegFig. 1(b)], oriented at 45° t¢110] step edges. Clus- =0.7-1.5V, current0.3—0.5nA). The selfconsistency of
ters collide corner on with these steps, creating a “nodule,’the database indicates that STM-tip effects do not signifi-
which relaxes through an intermediate triangular shipe. cantly influence nanostructure evolution.
Nanoindentations are typically formed after deposition of Before focusing on the evolution of nanostructures in sub-
larger submonolayer amounts of Ag. This leads to significansequent sections, it is appropriate to give a broader view of
advance of existing step edges across terraces, and incorgbe type of morphologies created by the above deposition
ration of 2D Ag clusters ahead of the step edge. The result isxperiments. Three qualitatively distinct possible morpholo-
a highly irregular step-edge structure, which restructures rapgies observed immediately after deposition are illustrated in
idly after terminating deposition, often leaving locally Fig. 2, each of which is directly relevant to the current study.
straight steps with various orientations having a few largein Fig. 2(a), we show a highly stepped portion of the crystal
nanoindentations. STM observations of these relaxation presurface where the extended monoatomic steps display nearly
cesses are analyzed with an appropriate atomistic lattice-ggmrallel alignment in the equilibriuril10] direction. Depo-
model for mass transport via periphery diffustdnin par-  sition leads to island formation only on the broader terraces
ticular, we explore the dependence of the relaxation dynambetween steps, as all deposited atoms on narrower terraces
ics on feature size and step orientation. are captured by the step edges. Diffusion of these isfands
In Sec. I, we briefly describe the experimental setup andtan lead to side-on collision with ascending step edges form-
procedure for preparation of the desired initial surface moring near-square protrusions which subsequently relax. In Fig.
phology (i.e., step-edge nanostructureb Sec. I, we de- 2(b), we show a broad terrace bordered by monoatomic step




4912 CADILHE, STOLDT, JENKS, THIEL, AND EVANS PRB 61

around 0.6—0.8 ML of Ag can lead to the formation of iso-
lated indentations in extended step edges. More detailed dis-
cussion and examples of such process are presented in Sec.
V where we discuss the decay of nanoindentations.

IlI. ATOMISTIC MODELS FOR MASS TRANSPORT
AT STEP EDGES

We first briefly discuss possible mechanisms or pathways
for mass transport on surfac¥s®2"-2which could control
relaxation of step-edge nanostructures. A natural candidate is
periphery diffusion(PD), wherein atoms hop along the step
edge, but do not detach from it, or attach talatg., from
some dilute 2D gas phaseéAnother reasonable possibility is
terrace diffusion(TD). The most commonly considered case
involves the correlated detachment, diffusion, and reattach-
ment of adatomsat the step edgéTDA), where the latter
process is not inhibited by an extra barrier relative to terrace
diffusion. There is an analogous process involving the
formation/detachment, and diffusion @hcanciesinto the
step edge, and their subsequent reattachif@). Finally,
we mentionevaporation-condensatiofEC), involving the
uncorrelated detachment and attachment of adatomsa-
cancies at the step edge, a scenario that is usually associated
with an additional barrier to attachment. The latter is re-
garded as unlikely for metal homoepitaxial systems. As in-
dicated in Sec |, we believe that periphery diffusion provides
the dominant relaxation mechanism for the(Ag0) system
at room temperature. Thus, below, we first describe in detail
the atomistic PD model used to analyze experimental data.
Finally, we comment briefly on the other mechanisms, indi-
cating previous experimental observations and some theoret-
ical arguments supporting our claim that they should not be

FIG. 2. (a) 2180x 2180 A? region of the surface with a dense dominant in the regime of interest for our system.
array of paralle[110] steps, subsequent to deposition and formation
of 2D Ag islands. The island indicated by the arrow collides with A. Periphery diffusion mechanism
the ascending step edgé) 1580x 1580 A? region of the surface o )
with a broad terrace bordered by bent step edges, subsequent to Atomistic lattice-gas models for mass transport at step
deposition of 0.29 ML of Ag. One of the 2D islands thus formed €dges mediated bperiphery dlﬂUSlor}(PD) have already
(indicated by an arropcollides with a portion of the step edge with een: apgg'god to analyze the following processes: cluster
local [100] orientation. (c) 2000x 2000 A2 region of the surface diffusion;" diffusion-mediated growth of islands during
subsequent to deposition of 0.8 ML Ag, extended annealing at 29@eposition, and associated shape instabilittethe post-
K, and then further deposition of 0.6 ML of Ag. deposition equilibration of island shap&s:® and relaxation
at step edgeén our preliminary work.*® In these PD mod-
els, it is important to distinguish between a number of key

hopping processes at the atomic level. The most important of

a_1b|y due.to pinning by impurities or some defect outside the[hes,e include: fastdge diffusion along straight close-packed
f'e.ld of VIEw. In some regions the step has roughl.yla0] [110] steps at ratd,; kink escape at rath, ; cornerround-

orientation, so nearby islands formed after deposition natui-ng at rateh, ; and slow “core breakup” at ratéi, . See Fi
rally collide corner on to this portion of the step. Finally, in " ‘. g

Fig. 2c), we show a more complicated morphology. This 3 As an aside, we note that the “corner rounding” process

) e is crucial for island shape stability during growthAlso, the
was created by first depositing about 0.8 ML of Ag, and the erm “core breakup” is borrowed from our previous work

allowing extended 'anneallng at room temperature, Wh'crbn diffusion of large clusters, where this process is shown to
leads to the formation of large ramified filled regions with be necessary for long-range movement of the entire

various metastable step onent_aﬂ&rSubsequently, an addi- 1612729 Al these rates will be assumed to have an
tional 0.6 ML of Ag was deposited to form smaller islands in Arrhenius form
both the first and second layer. Diffusion of the first layer
islands leads to collision with step edges having various ori-
entations. Examples from these different types of experi-
ments are utilized to assess the relaxation and decay of nano, . - :
protrusions. where i=e, k, r, or ¢ indicates the hopping process.

In Sec. I, we mentioned that extended deposition of 1)

edges which are “bent” from thgl10] orientation, presum-

hi=viexd —E;/(kgT)],
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-BE . -BEKk ping of adatoms across terradsge below, and Sec. III)B

he h.=ve Pre h = ve P Thus, for the Ag/Agl00) system wher€3>% E,

w % ~0.40eV, this relationship implies th&t,~0.20eV. This
leaves one free parametdrin our model. This parameter
will be adjusted to match experimental behavior for the de-
cay protrusions aft110] step edges, and then we will assess

1 -BEr hc the success of the model in predicting decay for other nano-

hr ) Ve < configurations.
ng %@h _ 1 Ve-BEc Some further discussion of the above choices for activa-
c 2 tion barriers is appropriate. Pioneering studies of the barriers

_ _ _ _ for hopping in the Ag/Agl00) system by Votef? using

FIG. 3. Schematic showing the four atomic hopping processe%emiempirical embedded atom metH&AM) potentials, in-
(for the shaded atojrincluded in our PD model: edge diffusion at dicated that bottE, ~E, and E,~E4/2 (in part motivating
rateh, (top left, kink escape at rathy (top right, corner rou_nding our choicg. The Iartter choice ies alsdo supported aly initio
at rateh; (bottom lefy, and core breakup at ratg. (bottom right. Iocal-densi'ty approximatiofLDA) studies’’ which predict

Note that in the schematic Fig. 3, and in our modeling, thefhat Ee/_Ed”0'56' The genera! ordering thé, ~E,, and )
two distinct hops or steps involved in both corner roundingthat Ee is far smaller thark,, is also supported by semi-
and core breakup are treated as a single step. For these cas@gpirical studies for Ag/AQLO0) [Ref. 33 and Cu/Ci100)
after the first “difficult” hop where the atom reaches a site (Refs. 34 and 38 which suggest that activation barriers for
diagonally adjacent to the closest atom in the step edge, the@dl local configurations of the hopping particle fall into a few
is a roughly equal chance for it to return to its original site, distinct classes.
rather than to continue to complete the process. Thus, treat- This behavior, and the above choices, are quite distinct
ing these two hops as a single step, we somewhat arbitrariifom the “traditional” choice® for activation barriers with
assign reduced prefactors=v.=v/2 for these two-hop NN interactions], of E;=E4+n;J, wheren; is the number
processes, compared with=v,=v for the other two pro- of nearest neighbors in theitial state. Further, we note that
cesses. We also set=10'2s1, The factor of 1/2 inv, and  various other distinct choice of barriers are consistent with
v, reflects the 50% *“success rate” for these processes aftejetailed balancde.g., h,~h, and h,~h,). These choices
the first hop, and thus corresponds to choosing a single prefvould no doubt exhibit quite different relaxation kinetics. At
actorv for all single hops. Treating corner rounding and corefirst glance, the dramatic difference between our choice and
breakup as a single-step simplifies the modeling by restrictthe traditional one might be taken to imply the existence of
ing allowed configurations to those having nearest-neighbostrong next-NN interactiongwhich would be inconsistent
(NN) connectivity. with the stated assumptiondHowever, this is not the case.
Next, we discuss in some detail the choice of activationThe form we have chosdwhich is based on the behavior of
barriersk; as these primarily control the magnitude of the semiempirical interactionseflects the presence of strong in-
hopping rates. Thus, a physically realistic choice of thesgeractions(comparable td) in the transition staté* for each
energies is essential to correctly describe the kinetics of massf the hopping processds=e,k,r,c. This feature presum-
transport at step edges. We model the A4 system  ably reflects the fact that the distance of the hopping atom to
assuming that the energies of various configurations of adahe closest step edge atoms in the transition stafea(2
toms located at the adsorption sitesan be described with ~1.123) is significantly less than the distance between
effectiveNN pairwise a_datom interactions of magnitude _next-NN sites (2a~1.41a). [Note that these distance esti-
Thus, atoms on NN sites separated by the surface latticgates neglect relaxation of atom positidnEhe same fea-
constant, a, have interactial) but those on diagonal or tyre is seen to some extent modeling adatom interactions
next-NN sites separated rZa have negligible interactioff.  with pairwise Lennard-Jones potentidlsThis strong inter-
Then, some basic relationships between the above rates ggtion in the transition state explains why the traditional
barriers can be obtained noting that kink escape and edgghoice is completely inadequate.
diffusion correspond to forward and reverse processes be- | this paper we implement the simplest possible PD
tween configurations whose energies differ byThe same model incorporating only the above four procese$his
applies for core breakup and corner rounding. Thus, theneans that the system evolves through configurations satis-
detailed-balance relationship between rates for forward ang,ing NN connectivity. No atoms with three or more occu-

reverse processés” *implies that pied neighbors are mobile, and no internal vacancies are cre-
ated. Strictly speaking, this model violates detailed balance
h/he=hc/h =exd —J/(kgT)]. v since, e.g., an atom can reach a triply coordinated site by

[corner rounding, but the reverse process is forbidden. How-

ever, we argue that such events are rare, and so will not

significantly influence the far-from-equilibrium decay pro-

cesses of interest hefs contrast to behavior near equilib-
E,~E,=E+J,and thusE,~E.+2J. 3) rium). Further discussion of these issues, and possible model

refinements including modified choices for activation barri-
Another reasonable expectation for metalb) homoepitaxy ers, is provided in subsequent sectigparticularly Sec. VI
is thatE.~E4/2, whereE, is the activation barrier for hop- describing decay of nanoindentations, and also Sec).VIII

As discussed further below, semiempirical calculations fo
metal100) homoepitaxy>3>3*suggest thah,~h,, so we
choose
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FIG. 4. Schematics for TDAa)—(c) and TDV (d). Descriptions
below correspond to frames from left to rigkd) Atom detachment
from a straighf110] step edge at rath,, and attachment at rate
hy. (b) The first step of corner roundin@t rate 2,); return or
continued corner rounding at rat€ , or detachment at rath/
(from the site diagonally adjacent to the corner of the step )edge

CADILHE, STOLDT, JENKS, THIEL, AND EVANS
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hy=exf —J/(kgT)Ing, hi=hg, and

h!=1/2 exid/ (kg T)Th, = 1/2 exg 23/ (kg T) o= 1/2h,..
(5

[Note that the above results also show thgth, , since
hy<<h. (see below, which explains why detachment is un-
likely during corner rounding, a necessary condition for the
occurrence of PD.It is important to emphasize that the ef-
fective rate of detachmentyeiacr, IS NOt determined solely
by the rate for the slowest individual step during detachment.
Instead, one assumes a quasiequilibrium for configurations
before this last step, and notes that the probability of the
initial configuration in Figs. @)-4(b) corresponds to the
(low) density,peq~hi/he~exd —J/(kg T)], of isolated edge
atoms. Then, identifyindnyetach @S the rate for the last de-
tachment step times the probability of the configuration be-
fore that hop, one obtaitfs*

hdetacf?’Peqhb in Fig. 4(a), Peq(hr/hr,)hc,j in Fig. 4(b),

and 1 (h./h/)h} in Fig. 4(c). (6)
Thus, in all cases, one finds that
hdetachNV eXF[ - ZJl(kB T)]hd )
and consequently that
E.( TDA)=E4+2J. (7)

“attachment” to the site diagonally adjacent to the corner at rate

hy. (c) Atom detachment from a kink sit@t rate 4); return or
corner rounding at rath, , or detachment at rate) (from the site
diagonally adjacent to the kink“attachment” to the site diago-
nally adjacent to the kink at rate;. (d) Vacancy detachment from
a kink site(with “sliding” rate hg; see Sec. V B reattachment at
rateh;, or further detachment at ratg .

A key goal of this paper is to assess the effective activa

tion barrierE . for the decay of protrusions and indentations
at extended step edges. For relaxation mediategkiphery
diffusion we show in detail in Secs. IV and V that the effec-
tive barrier for the overall decay process is equal to that fo
the slowest atomistic step of core breakup-so

Eaof PD)~Eo+2J=E,. (4)

B. Other mass transport mechanisms

We consider firstterrace diffusion of adatom§TDA),

This result is consistent with the idea that mass transport
is limited by terrace diffusion for TD processes. To see this,
recall the exact Onsager fofffor the equilibrium density of
the dilute 2D gas phasggas~exd —2J/(kg T)], which coex-
ists with the 2D condensed phase., large islands or steps
Mass transport is determined by the rate of attachment,
Nattaci™ Pgadla» Of atoms in this 2D gas phase to each perim-
eter site of the condensed phase. Using Onsager’s result, it is
clear thath ., corresponds tdgeaen, thus recovering Eq.
(7).

. Comparing Eqgs.(4) and (7), it follows that for Ag/
Ag(100 where we seEy=0.40eV andE,~0.20eV, there

is anenergetic advantagequal toEy—E¢~0.2eV for PD
over TDA. Thus PD should dominate TDA, at least for
small-size features, and certainly for lower temperatures. It is
however quite possible that a crossover occurs for larger fea-
ture sizes where other mechanisms may have a “statistical
advantage” over PD. This type of crossover is also expected

which involves detachment or evaporation from the stegor cluster diffusion in met#l00 homoepitaxial systems,

edge, diffusion across the terrace with hop Haje and re-
attachment to the step ed¢mso at rateh,). Below, we set
hg=vqexd—E4/(ksT)], with vq=v=10“s1 Note that

where simplistic arguments indicate a slower decrease of dif-
fusivity with cluster size for TDA than for PB’* This
slower decrease should eventually overcome the energetic

adatoms can detach from various local environments, e.gdisadvantage of the former. Continuum Langevin-type equa-

from a straigh{110] step edgé¢Fig. 4(a)], while rounding a
corner[Fig. 4(b)], or from a kink site[Fig. 4(c)]. We now

tion treatments of cluster diffusion also support the existence
of a crossovef®

show that these all occur with the same overall effective rate. Next, we consideterrace-diffusion of vacancie§DV).
Again, we restrict our attention to the case of effective NNWe suppose that the hop rate for isolated vacancies has the
interactionsJ and choose activation barriers for attachmentform h,=v, exd —E, /(kgT)], with v,=v=10"?s™. As for

and detachment ratgshown in Figs. 4a)-4(c)] in a way

TDA, one can show that the effective rat@,c, for va-

consistent with Sec. lll A. Thus, attachment rates from thecancy detachment is independent of the local step configura-

most distant site are set tg,. Detailed balance then also
implies that

tion. Considering detachment from kinks shown in Figl)4
detailed-balance impliebs/h.=exd—2J/(kgT)] (see also
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FIG. 6. Decay of height of the protrusion shown in the sequence

FIG. 5. Sequence of STM images showing coalescence of gf STMimages in Fig. 5.

105% 130 A? cluster with a[110] step edge, and subsequent decay
of the protrusion thus formed. All images are 40800 A?. Deter-
mination ofhp is indicated in the second frame.

tual recovery of a straight step edge. A sequence of STM
images for such a process is shown in Fig. 5. The key quan-
tity of interest is the maximum height of the protrusibp
measured relative to the mean position of the step edge, as
{ndicated in Fig. 5. The decay dfi; is observed to be
roughly linear in time, for the earlier part of the decay pro-
cess(see Fig. 6. In contrast, the areA of the protrusion is
E.o(TDV)=E,+2J. (8)  roughly constantnoting that, for later stages of decay, it is
) ) ) ) 43 difficult to delineate the protrusion from the step edge, and

Based on simulation studies choosiBg=E,™ it was re-  hys to determing). Analysis of such experimental data for
cently suggested that TDV rather than PD mediates massotrusions of various sizes or areas indicates a roughly lin-
transport in the observed diffusion of large 2D clusters ingay variation of this initial decay raf=dhg /dt (for ear-
metal100 homoepitaxial systems. However, the signifi- o, times), with the inverse area of the protrusién . This
cance of TDV(relative to PD clearly depends on the value yata is summarized in Fig. 7.
of E, (relative to Ee). Semienlpirical studies for the Ag/  Thjs relaxation process is modeled via kinetic Monte
Ag(100 system suggest tHdt" E,/Ec~1.8 (@nd E,/Ey  Carlo simulations using our atomistic PD model, and starting
~1) implying a significanenergetic advantagter PD over yjth a perfect square protrusion attached to a perfectly
TDV.™™ This contrasts the simulation studies in Ref. 43,giraighi[110] step edge. A typical sequence of configurations
where there is no energetic advantage. - for a decaying square protrusion with an initial size of 30

For evaporation-condensatioiEC) with an additional w30 atoms at 298 K and withi=0.275 eV, is shown in Fig.
barrier to attachmenbE one has thaE,(EC)=E.(TD) g The decrease with time of the height of the protrusion,
+ 6E, reflecting an even greater energetic disadvantage relqtl-D , is shown in Fig. 9, together with behavior for a range of
tive to PD. Another possibility for EC is that uncorrelated yinher initial sizes(using the sam@ andJ). This value ofJ
attachment-detachment may occur without an additional bar= g 575 eV for the effective NN interactioftogether with
rier when many islands or protrusions are close to each othgpe previously assigned choiceE,=0.20eV, and v
as a result of mass flow between them. In this case, the
activation barrier would correspond to that for TD.

Sec V B), and it follows thathyeiaci= (hs/hé)h, . Mass trans-
port is also determined by the rate of vacancy attachmen
Nattaci~ Pgadly - From either result, one obtains

21 o Sim.

0O Exp.

IV. DECAY OF PROTRUSIONS AT EXTENDED
STEP EDGES

—_
(6]
L

(a/min.)

Pay
1

We now discuss in detail our experimental observations
for the coalescence or “sintering” of 2D clusters with step
edges, and the subsequent decay of protrusions thus formed.
Behavior is analyzed using simulations of our PD model.
Below, rates for relaxatiofi.e., growth or decay of key lin-

Rate of decay
o
o

o} 0.02 0.04

ear dimensionsare quoted in terms of the surface lattice
constanta=2.89 A for Ag(100).

A. Cluster+[110] step coalescence

After side-on collision of a diffusing cluster with[d10]

o

0.002
1/Area

0.004
@2

FIG. 7. Initial rate of decay of the height of square protrusions at
a[110] step edge versus 1/Area: “squares” represent experimental
step edge, and “initial” far-from-equilibrium configuration data, and “circles” represent PD model predictions with
is created consisting of a square protrusion at this straight0.275 eV. The inset shows nonlinear variation of rate with 1/Area
step edge. This protrusion decays smoothly, leading to everin the PD model for a range of smaller protrusion sizes.
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FIG. 8. Simulated sequence of configurations for an initially ';E,, 15 30
30X 30 atom protrusion decaying on[410] step edggof length ‘S \_ -
10008) for up to 53 min of physical time, or a 70% decay of the T 10+ T
initial height. The portion of the step edge shown ig48 0.2 min, 5 h 10
51a at 1 min, and 5 min, 7&at 10 min, 10& at 20 min, 104 at 30 T \\ 0
min, 156 at 40 min, and 153 at 53 min. 0 ' 0 20 40

0 2 4 6 8 10

= 2 i
10'2s) is chosen so that PD model values Ry taken Time (min.)

from Fig. 9 match the experimental observations. The simu-
lation results are plotted together with the experimental data £, 9. PD model predictions for height versus time for the
in Fig. 7. The inset to Fig. 7 also shows the simulation pre-ecay of initially square protrusions of linear dimension, 80a,
dictions for decay rate® for a range of much smaller 153, 20a, 253, and 3@ (from bottom to top at a[110] step edge.
protrusion sizes than observed in experiment. A strong NoNfhese average over at least 10 simulation trials. The inset shows the
linear variation of rate with inverse area is apparent over thigiecay of the height of a 3030 atom protrusion over an extended
broader size range. period of time(averaged over two simulation trigJsso the final

Our simulations also confirm the equaliB,(PD)~E.  height is only 30% of the initial height.
+2J=E, (cf. Sec. ll)) for the effective activation barrier for
the overall decay process. See Sec(TVfor further discus- aligned equilibriun]110] step edge(This feature is enforced
sion. Thus, simulations match observed rates chooBipg in simulations where perfe¢il10] step edges are inactive.
=E.=0.75eV, an estimate that is more robust than thakt of However, we emphasize that there can be a significant inter-
(which depends on the choice Bf). In one test of this result play between active atoms at the periphery of the protrusion,
for E, . we simultaneously adjustel, and J to maintain a  and active atoms on the step edgéher those which have
constantE,, and found negligible variation in the decay of flowed down from the protrusion, or those at kinks, etc., on
the height of a 2620 atom protrusion foE, between 0.18 an imperfec{110] step edge A more detailed analysis of
and 0.26 eV(but decay was slower fdE, above about 0.3 this interplay, and its consequences for the kinetics of the
eV, corresponding ta) below about 0.2 e Finally, we  decay of protrusions, will be presented elsewHéigere, we
assessed the dependence of the decay rate for protrusionsjot illustrate this point with an observation of direct experi-
J, as this corresponds to the fitting procedure used abovénental relevance. Invariably, in experiment, steps are at least
The results, presented in Table |, are consistent wittglightly misaligned from th¢110] direction. Then, one ob-
EacPD)~Eq+ 2J. serves rapid adjustment of the step edge in the vicinity of the

One consequence of the simplification in our model ex{rotrusion to achieve thgl10] orientation. See Fig. 5. Spe-
cluding hopping of triply bonded atoms is that perfEt10] cifically, mass supplied by nearby kinks accumulates on the
step edges are inactive or “frozen.” This could conceivablyuphill side of the protrusion, and mass is removed from the
influence the decay of protrusions at these step edges, 89wnhill side, creating110] plateaus. Entirely analogous
could the finite system size of the Simu|atio(@ur simula- behavior is observed in simulations where a square cluster
tions use a finite length of step edge of at least five times thgollides with a slightly misalignefiL 10] step edge. Figure 10
initial linear dimension of the protrusion, and apply periodic Shows a corresponding sequence of simulated configurations.
boundary conditiong. We have performed various tests,
which indicate the robustness of our simulation res(itis B. Cluster+[100] step coalescence

cluding varying the system size, adding various fractions of a Figure 11 shows evolution after contact of the corner of a

single layer of atoms to the initial step edge ) .
Experimental observations suggest that the decay of fear square roughly 5050 atom cluster with 4100] step

square protrusion does not significantly perturb a perfectl ?‘ke” from Ref. .17' ST.M images revea! thapid forma-
ion of a connecting meniscuslike neck. Simultaneously, one

TABLE I. Dependence od (in eV) of the initial rate of decay ©Observes the creation of “large” indentations into the meta-
of the height of protrusions at[410] step edge at 298 Kor fixed ~ Stable[100] step edge, the sides of which have the preferred
E.=0.20eV). Values are shown @/min for various sizesin a>  equilibrium [110] and[110] orientations. This behavior is
or atoms. Results come from averaging over at least 10 simulationapparent in the first five STM images in the sequence shown
runs for 0.275 eV, and at least 20 for 0.245 and 0.215 eV. Theyn F|g 11. During this relaxation process, an intermediate
demonstrate thef,.(PD)=const+2J stage is reached, where the step geometry consists of a near
perfect right-angle triangle protruding fropd00] step, the

I (in eV) 10x10 20¢20 30<30 sides of this triangle selecting the preferf@éd 0] and[110]
0.275 6.9 1.10 0.61 orientations. See the sixth STM image in Fig. 11. Thereafter,
0.245 59.3 11.5 58 one observes a slow decay of this triangular protrusion.
0.215 477 103 40 Various stages of the decay are quantified to some extent

in Fig. 12a). Here, we show the variation with time of maxi-
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a smaller roughly 3830 atom cluster, as shown in Fig.
12(b). Simulations of the decay process for this smaller 30
X 30 atom cluster size using our PD model at 298vidth
parameters as in Sec. IV)Are shown in Fig. 13, and reveal
the same features as in experiment. The decay of height ver-
sus time, shown in Fig. 12) is similar to experimentally
observed behavior in Fig. 1® for a cluster of roughly the
same sizeébut see further comments belpwNext, we ana-
lyze separately, and in more detail, both behavior in the ini-
tial regime of rapid neck growth, and in the later stage re-
gime of decay of the triangular protrusion. All simulations
are performed at 298 K with the same parameters as in Sec.
IV A,

First, we consider thaitial neck growth The above ob-
servation (both in experiment and simulatiprof simulta-
neous neck growth and formation of indentations in the step
edge indicates that this neck growth is primarily due to mass
flow from the indentations to the neck, rather than from the

FIG. 10. Simulated sequence of Configurations for restrUCtUring'_:'uster to the neck. In fact’ due to this nearby |arge reservoir
following collision of a _roughly_ square_clu_ster having a linear di- 5f mass in the step edge, initial neck growth occurs so rap-
mension of about 3 with a slightly misaligned 110] step edge v, that it is difficult to quantify precisely in experiment, at
(ct. F'g'.S)' The system size is 1&horizontally, of which a 154 least for smaller cluster sizes. However, simulations can
stretch is shown in all snapshots. Skewed periodic boundary condi- . . . .
tions are applied with a vertical offset of 45 readily prpwde a more cqmplete and precise plcturg, and

also confirm the above claim regarding mass flow. Simula-
tion results shown in Fig. 14 for the evolution of the width of
: . the neck with time reveal a dramatic initial increase for about
h, is measured relative t@nd orthogonal fothe mean po- 1 min, followed by more sustained quasilinear growth. Note

sition of the step edge. The slow initial decreasehgf is e e : :
. ; S that the initial increase becomes independent of cluster size
associated with growth of the still thin neck where mass flow, P

SR . ; for large enough clusters, as growth is predominantly in-
to the step edge is inhibited. After a thick neck is formied, volvesgmass flgw from the stepgedge to tﬁe neck. Forya 50

10 min.

mum heighth, of the protrusion or nodule in Fig. 11, where

Second, we consider the late-stage regime involving the
taken from the cluster size prior to coalescend¥e note
are so time consuming, we instead start with a perfect right-
angled triangle attached to a perfgdtl0] step edge, and
follow the decay of the height from that configuration. Re-
sults from these simulations for the initial decay rRte are

- also shown in Fig. 15, and are consistent with experiment

decays'qw_ckly until a triangular conﬁgurqﬂon 'S rgached. At>< 50 atom cluster, simulations with the above parameters
that point (indicated by the arroyy there is a distinct de- . - '
crease in the rate of decay. Similar behavior is observed f0¥'eld a rate of quas_lllnear growth at rae~ 3.1a/ min, an_d
‘ produce a neck width of 35=100A after about 5 min.
These results are entirely consistent with the experimental
behavior for the case shown in Fig. 11.
decay of the triangular protrusioformed part way through
the relaxation process. In Fig. 11, this corresponds to decay
subsequent to the right-angled triangle configuration shown
in the sixth image. The experimental decay rate of the tri-
0 min. 6 min. 30 min. angle height at onset of this final stage,=dh,/dt is
-,= shown in Fig. 15 for various area#, (which are actually
that there are large fluctuations in this decay process, due in
part to wandering and splitting of the protrusion peak, and
that these produce substantial uncertainties in experimental
values forR, . We compare this behavior against simulation
63 min. 83 min. 99 min. predictions using our PD model with the above parameters.
Since simulations starting with the configuration in Fig. 13
115 min. 148 min. 167 min. (given the substantial uncertainties he_seRA val_ues are
substantially smaller thaR values for similarly sized pro-
FIG. 11. Sequence of STM images from Ref. 17 showing coairusions at th¢110] step edge. Our simulations also suggest
lescence of a 150140 A? cluster with a[100] step edge, and sub- that againE,.,=E.+2J=E.. The comparison betweeR,
sequent decay of the protrusion thus formed. All images are 728ndR, and the form oE, are discussed in more detail in
X 725 A2, Sec. lIC.
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FIG. 12. Decay of height, measured orthogonal to[t#0] step edge, of the protrusion produced by corner-on collisidia)ad roughly
50% 50 atom cluster shown in Fig. 1h) a roughly 990 atom clustéexperimentand,(c) a 30x 30 atom clustefa single simulation The
arrows indicate the time when a roughly triangular protrusion is formed dtl@ step edge, and the solid curves(a and(b) are only
to guide the eye.

Finally, we mention one feature of our PD model, which h,) successfully rounds the corner, rather than returning to
requires attention when comparing against experimental okthe kink site. One can show th& ~h, /h., roughly inde-
servations. A perfect100] step edge eventually facets into pendent of protrusion dimensions, so again one recovers the
alternating portions 0f110] and[110] orientations, since result (9) for hes. Further details will be presented
the latter are energetically preferred. The same process oglsewheré! Thus, both core breakup, and the combined
curs with a protusion at f.00] step edge, where the faceting height reduction process imply the same activation barrier,
affects (and specifically slows downthe decay of protru- Eac{PD)~Ec+2J(=E;), consistent with simulation results.
sions for longer times. This is evident in the second stage opecond, we consider the decay of a roughly triangular pro-
the decay shown in Fig. 18. However, this study has fo- trusion on a[100] step edge shown schematically in Fig.
cused on the initial relaxation behavior, where typically face-16(b). For this geometry, it is clear that a significant fraction
ting has not had sufficient time to develop or to affect mea0f the mass transport during decay is mediated by core
sured behavior. The inhibition or lack of faceting [@f00]  breakup steps, so again one l&g(PD)~E.+2J(=E,).
step edges in the experiment can be due to a number of Next, we compare the experimental rates for decay of the
factors not included in the model. These include pinning ofheight of square protrusions[dt10] step edgesFig. 7) with
the step edge by higher layer islands or by impurities, othe rates for triangular protrusions [dt00] step edgesFig.
deviations from NN interactions in the Ag/AH00) system 15, and derive some basic insights regarding the underlying
(which can reduce the ratio of the formation energies formass-transport processes. The data reveal significantly larger
[100] and[110] step edge¥ to a value below?2 associated rates for decay of protrusions ¢h10] step edges, compared

with NN interactions, but still above unity with [100] step edgedfor the same protrusion sizeFor
example, Ry=0.42a/min. (1.Ja/min.), when A=160(?

C. Analysis and comparsion of behavior for[110] (5008%) for the former, versus R,=0.0%/min.

and [100] step edges (0.46/min.), when A=250?(650a%) for the latter. In

. , fact, these STM observations provide immediate insight into
The key quantity controlling the overall decay rate, andine gominant mass transport mechanism at step edges. They
particularly its temperature dependence, is the effective acti,jicate a significant dependence of the efficiency of mass

vation barrier E,.(PD). Thus, further elucidation of this angport on step orientation. This, in turn, provides evidence
quantity is appropriate here. First can|der the decay of @&, pPp-dominated mass transport, since TD- or EC-
roughly square(or rectangular protrusion on d110] step  yominated mass transport should have comparable efficiency
edge, as shown schematically in Fig.(@6We note that at o gifferent orientations. The difference in efficiency of
various stages of decay, it is necessary to disrupt the “reciy 55 transport is readily understood within the context of our
angular core” of the protru_S|on, and that this requires “coremadel: transport along100] steps requires repeated slow
breakup.” The same requirement was noted previously fogqe breakup steps, rather than easier kink escape @egs

. . 7129 . . .
diffusion of large 2D clulstelré.. This feature alone indi- \ery fast edge diffusionwhich is sufficient for{110] steps.
cates that overall decay is limited by core breakup, suggest-

ing that E,(PD)~E.. However, in addition to these slow

core breakup steps, most of the height reduction process in-
volves repeated kink escagellowed by corner rounding
[see Fig. 16)]. If peq=hy/h is the quasiequilibrium den-
sity of atoms released from the kink sitas in Sec. 11 B,

then thiscombinedprocess occurs at an effective r&te 02min. Imin. S5Smin.  10min. 20min. 30 min.

~ ~ — FIG. 13. Simulated sequence of configurations for a<30
e Pechr vext — (Eet20)/(ksT)]. © atom cluster coalescing with EL00] step edge(of length v2
Another perspective on this combined process follows fromx 100a), and subsequent protrusion decay for up to 30 min of
writing the effective rate ab.s~P, hy. Here,P, is the prob-  physical time. The portion of th€100] step edge shown in all
ability that an atom released from the top kink diét rate  snapshots has a lengtf2 X 101a.
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FIG. 14. Simulation predictiongaveraging over 10 tria)sfor
the growth of the “neck width” subsequent to coalescence with a
[100] step edge of square clusters with side lengths @f, 120a,
30a, 40a, and 5@.

These features are indicated in the schematics of Figs) 16
and 16b). The situation in the real Ag/AG00) system may
be different: it is possible that the barriét [ 100], for dif-
fusion of an atom along a perfeldt00] step edge is substan-

tially below E. (see Sec. VIl If EJ100]~E, then the escape a kink site and successfully round the cor@®rtypical

e_nhanceq efficiency fof110] steps is less _clear. For each atomic hops producing decay of a near-triangular protrusion at a
difficult kink escape step, the atom potentially can travel &100] step edge.

substantial distance to the next kink site, rather than just one

or two hops as on 4100] step edge, but the density of o |arger characteristic lengths of structures. Indeed, a few of
mobile atoms is higher for the latter. _ our observations of the relaxation of the shapes of very large
Our claim of PD-dominated mass transport is supporteqysters, close to other clusters and to step edges, show evi-

by several observationsi) the step orientation dependence gence for pinned nonequilibrium shapes, indicating the pres-
of the rate of decay of protrusion§i) our demonstration of gnce of some EC process@s. Sec. 11 B).

an energetic advantage of PD over TD or Eill) the con-
sistency of our analysis of experimental data with a PD
model for very different geometries and siZexluding coa-
lescence of cluster paif§ which is not discussed hereand
(iv) by an experimental study suggesting that PD dominates |n this section, we briefly describe a study of the relax-
mass transport associated with the diffusion of 2D Ag clus=ation of vacancy indentations at extended step edges. These
ters on Ag100). (This interpretation was questioned in Ref. jndentations are almost perfect “mirror-images” of the
43, but see our comments in Sec. Il) BVe emphasize, how- square and triangular protrusions at step edges discussed in
ever, that at least TD mechanisms of mass transport alwaysec. IV. First, we discuss experimental observations and
operate to some degree, in addition to PD. Furthermore, thegimulation results, and then provide some analysis of this
could dominate PD under different conditions, e.g., higher pehavior.

FIG. 16. Schematic showin@) typical atomic hops, and their
corresponding rates, producing decay of a near-square protrusion at
a[110] step edgehes represents the effective rate for an atom to

V. VACANCY INDENTATIONS AT EXTENDED
STEP EDGES

1 -

z o Sim. A. Experimental and simulation results
= Exp. . . . .
% 0.75 A = Dp © As noted in Sec. |, nanoindentations are typically formed
~ o after deposition of larger submonolayer amounts of Ag. As
o 0.5 - © , existing step edges advance across terraces, they incorporate
5 o 0.75
g 0.25 4 °02§
o 0 go 0 0ot 002

0 0.0025 0.005

1/Area  (a?)

FIG. 15. Initial rate of decay of the height of a triangular pro- 17 min. 50 min.

trusion at a[100] step edge versus 1/Area: ‘“squares” represent

experimental data, and “circles” represent PD model predictions FIG. 17. Relaxation of a roughly 108108 A? vacancy inden-
with J=0.275 eV. The inset shows nonlinear variation of rate withtation formed in an advancifd 10] step edge during deposition of

1/Area in the PD model for a range of smaller protrusion sizes. about 0.9 ML of Ag. All images are 730730 A2.
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0 min. 192 min.

FIG. 18. Relaxation of a triangular vacancy indentation in a
[100] step edge. Both images are 50800 A2,

0.2 min. 2 min.

2D Ag clusters ahead of the step edge, resulting in a highly
irregular step-edge structure. Rapid restructuring after termi- FIG. 20. Two snapshots decaying vacancy indentatior{ 406
nating deposition often leaves locally straight steps with astep edge with an initially X 30x 30 triangular shape. The length
few larger nanoindentations. Figure 17 presents a sequenoéthe[100] step edge is2x 1808, from which only a portion of
of STM images illustrating the relaxation of a nearly squarelengthv2x81a is shown.
indentation with an area of about 1480 which was formed
in a step edge witli110]-type orientation. The depth of the [110] step edge, and Fig. 20 shows the decay of a triangular
indentation is about 38 initially, and decays at a rate of indentation at 4100] step edge. We emphasize that this PD
about 0.a/min. The relaxation of a triangular indentation model doesiottreat adatoms and vacancies in an equivalent
with an area of about 4088, formed in a step witf100-  way, so the decay process for a square indentation will be
type orientation, is shown in Fig. 18. Its depth is aboua 56 quite different from that for a square protrusion. Specifically,
initially, and it decays at a rate of about Odithin. Assum-  adatoms first “peel off” the top of a protrusion away from
ing that decay rates scale roughly linearly with inverse areathe step edge, whereas atoms at the base adjacent to the step
the above examples suggest substantially higher decay rategge are inactivébeing triply bondedl In contrast, atoms at
for square indentations &110] steps than for triangular in- the “entrance” of an indentation next to the step edge are
dentations of the same size [dt00] steps. Analysis of the active and can flow into the indentation, whereas those at the
rather limited data for the decay of the depth of indentation$ottom of the indentation furthest away from the step edge
at [110] step edges suggests comparable or perhaps somare inactive(being triply bonded. A more detailed discus-
what higher decay rates than for adatom protrusions of theion of this issue, and of alternative models, is given below
same size. in Sec. VB. Here, in Table II, we just compare predictions
We have performed simulations of the decay of indentafor this model for initial rates of decay for the depth of the
tions using exactly the same periphery diffusion model deindentations at 298 K with corresponding decay rates for
scribed in Sec. Il A, and applied in analyzing the decay ofprotrusion height. The same choice of parameters is used as
protrusions in Sec. IV. Figure 19 shows a sequence of conpreviously. Interestingly, the decay rates for protrusions and
figurations during the decay of a square indentation at andentations are quite similar, despite the difference in the
underlying mass transport process. The value predicted for
the decay rate of a protrusion of the size shown in Fig(at7
about 0.4/ min) appears somewhat smaller than the experi-
mental observation (0a7 min), but the difference is within
the experimental uncertainty.

0.2 min.

B. Adatom-advacancy inequivalence

For an adlayer described by NN interactions, the equilib-
rium properties of adatom cluster configuraticias x ML,
say) and vacancy cluster configuratiofst 1—x ML) are
equivalent (particle-vacancy symmetry However, this
equivalence doesot necessarily apply to nonequilibrium ki-
netics. In the latter case, behavior is controlled by activation
barriers for hopping. Particle-vacancy asymmetry in these

4 min. TABLE II. Comparison of initial rates of decay for the height of

protrusions and the depth of indentation$Xt0] step edges, at 298
K. Values are shown im/min for various sizegin a® or atoms.
Results come from averaging over 10 simulation runs.

15 min, Size 10<10 1515 20x20 2525 30x30
FIG. 19. Simulated sequence of configurations for a>380a Protrusions 6.9 1.9 11 0.92 0.61
vacancy indentation decaying on [410] step edge(of length Indentations 6.3 21 1.0 0.57 0.41

180a).
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guantities was shown very clearly in semiempirical EAM structures more exotic than provided naturally by deposition,
studies by Voter for the Ag/Ad00 system(although one or by post-deposition evolution. To this end, one typically
does not have pure NN interactions in this systéfiTo  adjusts scanning conditions to amplify the influence of the
provide an experimental example, we note that the diffusiortip, in contrast to the studies described above. For the
coefficient D is a factor of two or three higher for large Ag(100 system, we find that mass can be drawn out in a
adatom clusters than for large vacancy clustefshe same  “finger” roughly perpendicular to 4110] step edge. If this
size in the Ag/Ag100) systent’ Given the above observa- finger merges with an island on the terrace, then the con-
tions, we emphasize that models which accurately describeected structure reshapes to “automatically” form a near-
far-from-equilibrium kinetics will not in general exhibit rectangular protrusion extending orthogonal to the step edge.
particle-vacancy symmetry. Indeed, our simple PD modelThis protrusion then shortens and thickens finally decaying
does not have this symmetry. However, it was formulated tanto the largely unperturbed step. Figure 22 presents a se-
realistically describe the hopping processes mediating the dejuence of STM images showing this formation and relax-
cay of protrusions at step edges where local configurationation sequence. Of course, studies of the relaxation of such
are convex. It is not clear that it appropriately describes keyectangular protrusions naturally extend the analysis in Sec.
hopping processes for indentations where local configuralVA for square protrusions.
tions are concave. For these reasons, some reassessment ofiven the limited experimental data, we focus on a simu-
our model, and consideration of alternatives, is appropriatelation analyses of the decay of rectangular protrusions or-
In any model that treats adatoms and vacancies “equivathogonal tq 110] step edges at 298 K. We use our PD model
lently,” one would need to allow additional edge hopping with the same parameters as previously. Figure 23 shows a
processesincluding hopping of triply bonded atorhdn par-  sequence of images for the decay of a x3%atom protru-
ticular, such processes include the “sliding process” showrsion. More generally, we have determined the initial rate of
in Fig. 21(a), which is the direct analogue of the key core decay of the height for rectangular protrusions with a fixed
breakup process for adatoms shown in Fig@léand Fig.  width of 15 atomgas in Fig. 23, and various initial heights
3). The rate for sliding is denoted byhs between 15 and 135 atoms. This decay rate as a function of
=v exd —E/(kgT)]. The original semiempirical studies by protrusion area is shown in Fig. 24. The rate first decreases
Voter® for Ag/Ag(100), and more recent generic categoriza- as the initial height is increased to be larger than the width
tions of hopping barriers for metdldo0 homoepitaxial (increasing the argaanalogous to behavior for square pro-
systems>3* both indicate that the activation barrid,, is  trusions in Fig. 7. Then, for even larger initial heigltsore
less than that for core breakup. An estimate Bf~E, elongated rectanglgghe rate increases again, approaching a
+1.5] is not unreasonable. Thus, one IEa3< E, despite the finite (nonzerg limiting value for infinite length. Certainly, a
fact that sliding nominally involves triple bond breaking. nonzero limiting value is expected since an infinitely long
This feature is due to the presence of strong interactions iprotrusion or rectangular islands is not stable, and should
the transition statécf. Sec. 1ll A). Despite this inequality, contract in length. The nonmonotonic variation of rate with
removal of atoms further from the corner sites via the slidinglength or area is less easy to anticipate. Some further discus-
mechanism actually occurs at a rate comparabladbfaster ~ sion is provided in Sec. VII.
than that for core breakup. This can be seen by the follow- Less controlled creatiofiand subsequent relaxatjoof
ing argument. Once the atom has slid out of its initial posi-irregular protrusions, as a result of the STM-tip drawing
tion, suppose that subsequent hopping along the step edgeass out from step edges on the(Af0 surface, was noted
occurs at ratdn,. Then, by detailed balance, the rate for thepreviously in Ref. 13. No doubt this is a general phenom-

reverse proces$l,=v exd —E./(ksT)], must satisfy enon for metal surfaces. It would thus allow for the possibil-
ity in many systems of studying mass transport at step edges
hy/hg=exg 23/ (kgT)], by first creating desired far-from-equilibrium configurations,

and then monitoring their relaxation. One would not have to
S0 E,=E;—2J~E,—0.8] if Es~E,+1.5). (10) rely on, e.g., the diffusion of large clusters to step edges, in

. . . . . order for nanoprotrusions to be formed.
SinceE,<E,, return is more likely than continued motion P

away from the corner, and the populatig~hg/h;, of the
configuration in Fig. 2(b) is very low. The effective rate for Vil. COMPARISON WITH CONTINUUM THEORY
removal of atoms further from the corner site initiated via |n a coarse-grained pictuté?® the location of the step
sliding equalspshe, and the effective barrier for this path- edge is described by a continuous curve. Lat*denote the

way equalsEe+2J, as for core breakup. Thus, sliding pro- distance along the curv€ the curvatureg the local orien-
vides an alternative pathway at least for the initial restructur-

ing of indentations, which is competitive with those included (a) (b)

in our PD model. However, its ultimate effectiveness is not

clear?’ (If it is ineffective, our current asymmetric PD model o >h
may suffice to accurately describe the decay of indentajions. s -« h:'

VI. NANOFABRICATION OF RECTANGULAR
PROTRUSIONS AT [110] STEP EDGES FIG. 21. Schematic showinga) “sliding” of an atom out from
the corner of a vacancy indentation at ratg (b) continued hop-
The interaction of the STM tip with the surface can beping of this atom along thEL10] step edge at ratk,, or return to
utilized to fabricate far-from-equilibrium step-edge nano-the corner site at ratey, .
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3_
<
S
P 3 21
Before Contact 0 min. 28 min. %
O
FIG. 22. Sequence of STM images showing the formation of a 8
rectangular protrusion orthogonal to an undulafih@O] step edge - -
by drawing out a “finger” of atoms from the step edge to coalesce ©
with a 2D island. All images are 770770 A2, -% O RECT.
_ s O sQu.
tation, B(6) the step-edge free energy, aat) the step-edge
chemical potential. Then, one has 0 . T . ;
0.000 0.002 0.004
wxB*C, where g* =B+ 9°B156. (12) 1/Area (a'2 )

Evolution is driven by minimization of the step free energy,
and the mass flug alongthe curve satisfiedo —d/dsu.
Consequently, mass continuity implies that the propagatio
velocity of the step edge normal to the step edfgeatisfies

FIG. 24. Simulation predictiongaveraging over 10 trialsfor
Hﬁe initial rate of decay of the height of initially rectangular protru-
sions of fixed initial width of 1& and various heights
(15a,30a,452,608,75a,135%) at a[110] step edge versus 1/Area
V, = —dldsd— dzldsz[ﬁ* cl, (12) (square symbo_)slnc_luded, for contrast, are decay rates for initially

square protrusion&ircular symbols

whereV, >0 means motion to the left of the direction cor- ) )

responding to increasing These results are not so instructive for our study where we
This equation can be used to analyze the decay of théocus on “initial” decay ratesR=V, (t=0). Instead, it is

height, h(x), of protrusions or indentations at step edgesmore useful to consider protrusions or indentations with a

oriented in thex direction. The simplest approximation ne- SPecific shape, but varying size, so we writg(x)

glects the orientation dependencefwhich is strong for =La(x/L). Herea(y)—0, asy—*, is a shape function

Ag(100], and assumes small slopes, s§'‘is replaced by ~ assumed to beven with a maximum ay=0. Here,L is the

“x.” Then Eq. (12) reduces to the linear Mullins equatiéh, linear size parameter, so the area scales Ake.2. Then,
neglecting thed dependence g8, but exactly calculating the

ohl gtec — a*h/ 9x, (13)  derivatives with respect te(rather than using small gradient

. ) ) ~approximationg one obtains
which can be readily analyzed by Fourier transformation.

The key results are that that the characteristic decay time R=V, (x=0)<L~3a""(0)—3{a"(0)}°]. (14)

for a perturbation of the straight step edge of wavelengith,

scales liké® rcq,* and that the maximum height of the pro- Thus, the continuum theory predicts titA~%2 in con-

trusion or indentationh .., decreases asymptotically to zero trast to the behavioR~A~* seen in simulation and experi-

with time t like gt 14 ment for the range of sizes of experimental relevafsme
Fig. 7). One can also consider protrusions or indentations of

fixed width, but varying height. Then, one hd¥x)
=Lb(x), with shape functionb(x), and L is the linear
height parameter. Neglecting th& dependence of3, one
finds thatV, «L, a direct consequence of the linearity of the
Mullins equatior’® This increase in the decay rate with
height in part reflects the behavior observed in simulations
for rectangular protrusionsee Fig. 24 Certainly, including

Omin. 2min. 5min. 10 min. anisotropy in step edge energetics would capture better basic
geometric features, and modify decay dynamics. However,
even then, it is likely that continuum treatments cannot pre-

cisely capture subtleties of kinetics on the small length scales
of relevance in our studies.
VIIl. DISCUSSION OF INTERACTION ENERGIES
15min. 20 min. 30 min. 40 min, AND MODEL REFINEMENTS

FIG. 23. Simulated sequence of configurations for an initially [N our PD model, theeffectiveNN pairwise interaction
135x 15 atom rectangular protrusion decaying 41.a0] step edge ~ strengthJ was identified as the key free parameter to be
(of length 15@), for up to 40 min of physical time. A fixed seg- adjusted to fit experimental behavior. We thus obtained an
ment of step edge of @0is shown. estimate 0fl]=0.275 eV(assuming thaE.=0.20 eV) for the
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Ag/Ag(100 system. We note that using effective NN inter- rounding” where an isolated atom running along a straight
actions to describe the transition to reversible island formaf110] edge exchanges with a corner atom, thus effectively
tion during deposition of Ag on AG00 yields a consistent rounding the corner. At least for corners corresponding to
estimaté® of J~0.3 eV. However, it has been suggested thasingle-atom high kinks, it seems quite plausible that this pro-
suchJ values are far too higff. Thus, it is appropriate to cess could have a lower barrier than the barfigfor con-
mention thatab-initio generalized gradient approximation vVentional corner rounding shown in Fig. 3. Such an “easy
(GGA) calculationd’ for the detachment of an atom from a corner rounding pathway™ would lead to ancreasein the
[110] step edge predict thaE,=0.76 eV (compared with effective rate for corner roundinds, Which was described

E,=0.45eV), and that the energy change in the binding sitén Sec. IV C. Even if just restricted to single atom high kinks,
is consistently given by 0.32 eV~E,— E,). For NN inter- it should at least enhance the later stage decay of square
actions, this value of 0.32 eV wouldbcorrdespond]Id)n fact, protrusions af110] step edges. It seems less likely that this

one expects that this value sliahtly overestimatese to the concerted process should be significantly more favorable
P f K " NI\? % . Indeed .than conventional corner rounding at corners corresponding
presence of weak nex interactions. Indeed, seMiz, 1 tiple atom high kinks,

empirical studies suggest the relationship 0.85(E,— Eq) (i) Another possible modification to the model is to allow
yielding a GGA-based estimate 80.27 eV, entirely con- e activation barrieE [ 100] for hopping of an atom along
sistent with this study. _ a perfect[100] step edge“stair climbing”) to be distinct
There has been a detailed experimental STM study of thgom that for core breakuj,. If E[100]<E,, then this
equilibrium  fluctuations aff110] step edges in the Ag/ could enhance the rate of decay of triangular protrusions at
Ag(100 systent® A conventional analysis of this data pro- [100] step edgegrelative to our PD modgl Some motiva-
duced an estimate for the “kink creation energy” Bfin«  tion for this selection is provided by semiempirical studies
~0.114 eV. This is reasonably consistent with our resultsfor Ag/Ag(100.>® These find that EJ[100]~0.46eV,
noting thatE,,=J/2 for NN pairwise interactions, and that whereasE,~0.26 eV and]~0.28 eV, soE.~0.82eV is in
the details of near-equilibrium fluctuations could be morefact much largeiE[ 100]. However, more recent EAM cal-

sensitive to deviations from NN interactions. culations suggest that[100]~E_.>*
It is also appropriate to note that the model developed
here may well apply to describe similar behavior in other IV. CONCLUSIONS

metal100) systems. Analogous restructuring has been re- . A
ported for Cu/C(00) at 295 K, but at substantially higher We have characterized 'ghe decay of far-from-equilibrium
rates*?? Assuming that PD dominaté€?one concludes that SteP-€dge nanostructures in the Ag(Ag0 system. These
E,(PD)~E,+2J<0.75 eV for Cu/C(L00). This inequality structures form as a result of the post-deposition diffusion
isa?:onsisterft with a .GGA estimdfeof ‘]:'0.22 eV and an and subsequent collision with step edges of large 2D adatom
estimate ofE. given by E4/2 using the best experimental CIUSterS.’ and asa result .Of the advance of step edges _durmg
value?! of Ee=0 36eV. (However, one obtainE,+2J deposition. A simple lattice-gas model for periphery diffu-
~0.75eV usidng tﬁe GGA estimﬁfieo’f E,=0.52eV )eThese sion(PD) provides a remarkably consistent description of the
observations suggest thdg,<Jag, consistent with esti- decay rates for various local geometries. Ref. 18, and

mates from analyses of island formation proc¥ssyt con- also reproduces key features of the evolving nanostructure
trasting expectations based on bulk cohesive enefgies. morphology. Matchlng_ initial Qecay rates provides an esti-
Although in our modeling, we treat interactions betweenmate of the key activation barrie,{(PD) for the overall PD

adatoms in their adsorption sites as NN pairwise, this is aIRrocess, which for our model corresponds to the barrier for

oversimplification. If one describes actual interactions within core breakup™ of Ec=E,+2J~0.75eV. This quantity is

the framework of pairwise interactions, based on semiempir[‘Ot effectively prqbed . by near-gqumbrlum st.ud|es. Th?
ical studies, one would expect weak next-NN attractive in_prevalence of PD in this system is related to its energetic

teractions to be present with about 10% of the NN interacgdvantgge.ov_e.r TD or EC which is in tum related to the fact
tion strengtt?>3* More realistically, one would expect the thatE, is significantly less thai, (see Ref. ShorE, . We

presence of weak many-body interactions. Certainly, incorf"lso propose that extensive opportunities for studying the
porating longer range or many-body interactions into thdestructuring of a variety of exotic step edge nanostructures

modeling would modify the estimate df(which should be " this and other systems are provided by the possibility of

regarded as an effective NN interaction strepgtut prob- ~ YSIN9 th_etS'EM t"i t(ihfatbtr;]cate SUCT _sttructur(_est. F|n?l!y, f|tt;s_
ably not dramatically. appropriate to note that the current intense interest in fabri-

It is likely that in order to describe precisely relaxation cation of far-from-equilibrium nanostructures in surface

behavior beyond initial decay or restructuring rates, otherc'yStemg. fosters a need for studies such as this one which
modifications to thekineticsof our model may be appropri- " elucidate mechanisms and rates for decay of such struc-

ate.(These could be made still within the framework of NN tUr€s-
interactions. Here, we mention two possibilities, the influ-
ence of will be considered in detail in a separate p&per.

(i) It is well recognized that concerted or exchange atom This work was supported by NSF Grant No. CHE-
motions, rather than just single particle hopping, can be im9700592, and performed at Ames Laboratory, which is op-
portant in diffusion, growth, and relaxation processes. Onerated for the U.S. DOE by lowa State University under
possibility of particular relevance here is “concerted cornerContract No. W-7405-Eng-82.
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