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Step-edge versus interior barriers to atom incorporation at lattice steps
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Observations of the spatial distribution of individual atoms over close-padidiiclusters of the fcc metals
platinum as well as iridium reveal that atoms preferentially populate the inner region. The inner region is
separated by an energy barrier from the step edge, leaving empty of adatoms a ring approximately three
nearest-neighbor distances wide. The effect of such an interior energy barrier upon the lifetime to atom
incorporation into steps is explored for one- as well as two-dimensional clusters. Interior barriers are found to
increase the lifetime to incorporation much more than the conventional step-edge barrier, and may significantly
affect the morphology of growing surfaces.
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I. INTRODUCTION limiting transfer of atoms from the center to the outer cluster
regions on Ril1l), is not unique to individual Pt atoms.

For some time now it has been recognized that a potentiaClusters of platinum, made up of two to seven atoms, have
barrier at the edge of a growing cluster will have importantalso been observed localized in the central region of the
effects on the kinetics at which atoms deposited on the cluset(111) plane by an interior energy barrier appreciably higher
ter incorporate into the step, and therefore also on the mokhan that for single Pt atoms, and also higher than the barrier
phology of the surface that develop¥Vhat so far has gen- tg cluster diffusior.
erally not been appreciated is that there may be significant gimilar behavior is observed for Ir atoms diffusing on Ir
energy barriers inhibiting the motion of atoms between dif-¢|sters on the (d12) plane. As is clear from Fig. (3),
ferent regions of a surface cluster, and that these interiogyq,ying the locations of an Ir atom on a medium-sized clus-

barriers have important effects on the kinetics of adatom iz, 14 across, atoms are concentrated in the central region,

corporation. Here we first sketch the evidence for interior . e
barriers on clusters, and then examine how they affect thsurrounded by an empty zone3l wide. This is separated

s L from the inner region by a barrier0.3 eV high® for com-
kinetics of atom motion into the cluster step. . LS
parison, atomic diffusion occurs over an energy barigr
=0.289 eV>® The same sort of distribution is found on
II. INTERIOR BARRIERS ON CLUSTERS (111) planes half again as large8 When the diameter of the

The presence of energetically distinct regions on a clustegluster is reduced tol7 as in Fig. 3b), the width of the
was first discovered on the close-packell) plane of plati- empty zone stays roughly constant, so that the atom is con-
num, an fcc metal.When a platinum atom is deposited close fined to a smaller patch in the center. We expect that as the
to the center of a one-atom high cluster on thedPY) plane, cluster size is further reduced to twice the width of the empty
and is then observed in a field ion microscope after diffusingzone or less, the cluster surface should become more uni-
over the cluster, the atom is found to generally stay in thorm. That is in fact what happens: in FigcB the Ir atoms
inner region. As is apparent in Fig. 1, the inner region isare found at almost all sites on agIcluster, and not only in
separated from the step edge by an empty zone, a ringhe center; there are no interior barriers.
roughly three nearest-neighbor distandewide, in which Not all metal clusters have an empty zone. The atom dis-
atoms are not found. Mapping the locations at which a Piripution has also been examined on a densely packed sur-
atom is observed in the field-ion microscope has clearly reface of a bec metal—\\110). As is clear from the map in
vealed the presence of such an empty zone for clusters Withig_ 4 of sites occupied by a tungsten atom diffusing on
a diameter as small asl8but also on medium-sized \y(110) at a temperatur&= 340 K, the entire cluster surface
clusters;® with a diameter five times as big. The physical oyt to the edge of the plane is accessible to the atoms. There
effects responsible for this distribution are not clearly underis no evidence for an empty zone around the interior region,
StOOd, although it has been Speculated that strains at the C|L§r of any additional energy barriers to the movement of at-
ter edge may be involveiThe energy landscape facing a Pt oms from one part of the cluster surface to another.
atom on a(111) cluster has, however, been explored in a |nterior barriers to atom transfer between different cluster
variety of atomic observatiorfsand has been approximated regions have been definitely identified for two ft£1) sur-
by the potential diagram in Fig. 2. Most important is the factfaces, for the platinum family metals platinum and iridium,
that the inner cluster region is separated from the empty zongyt they may occur with other fcc metals as well. In the next
around it by a barrier of heightg ~0.33 eV, significantly  paragraphs, we show that when such interior barriers are
higher than the barrier to surface motion of Pt atoms ormpresent on a cluster, they can have significant effects on the
Pt(111), Ep=0.26 eV>® The presence of an interior barrier, kinetics at which atoms incorporate into lattice steps.
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FIG. 1. Distribution of Pt atoms over a(B11) cluster, plotted
on a grid of fcc sites. Cluster diameter: 11 nearest-neighbor dis-
tancesl. Atom locations were determined after equilibration at 97
K. On heating to~130 K, atoms escape from the interior and popu-
late step-edge sites, leaving free an empty zonel3wide.

lll. LIFETIMES TO ATOM INCORPORATION

In exploring the role of interior barriers to atom incorpo-
ration, we focus on model potentials that reveal the effective- o ,
ness of different structural features in affecting the lifetime  7'C: 3 Distribution of Ir atomsin black over In111) clusters;
of atoms on a cluster of fixed size. We first concentrate orfd9€ atoms ofL11) are shown as open circle® Ir on grid for hcp
one-dimensional1D) clusters, for which it is simple to ar- sites on a cluster-19 atoms across after equilibration at 120(K).

. o . . . . . Ir distribution on lg,, after equilibration at 120 K(c) On Iry7, Ir
rl_ve at_ quantltat_lve _relatlonshlp_s that affc_)rd immediate In'atoms are distributed over the entire cluster after equilibration at
sights into the kinetics of atom incorporation.

115 K.

A. One-dimensional models

= Fu)ENT N u) T o w O w )T
Consider an atom jumping along a line of binding sites YOG p) A MO+ ) Tt i O i) T

forming a 1D cluster. For an atom located at $jtgimps to

the nearest-neighbor position to the right occur at the xate

and to the left at the ratg; . Once an atom reaches either of Here the first term on the right is just the time spent atisite
the step sites, at=—b,—1 andb,+1, its lifetime is zero. the second term gives the likelihood of a jump to the right, to
The lifetime 7; of an atom starting at an interior sitdbefore i+ 1, times the lifetime from that site, and the third the like-
its incorporation into the step is given by the expressiorlihood of a jump to the left, times the lifetime from site

usual for a birth-death procéss —1. In the potential used in Fig. 2 to represent motion on the
cluster, diffusion in the cluster interior occurs over an energy
|=—— Empty Zone ——| barrierEp ; a barrierEB1 beyondx= *b,; opposes escape of

atoms into the empty zoré.At the cluster edge, ak
= *+b,, an atom has to overcome a bart‘n“fg2 to escape and

incorporate into the step. An atom returning from the edge to
the center confronts a barriétg. The jump rates corre-
sponding to the transitions in Fig. 2 are given by the usual
Arrhenius relationj; = v exf —E; /kT]; the prefactor for all
processes is assumed equal to that in atomic diffusion. Start-
ing at the center of the cluster, &0, we take advantage of
the symmetry of the cluster to writg = 7_;, so that Eq(1)
gives us

FIG. 2. Potential diagranfon top approximating behavior of a
Pt atom near the edge of a(Pt]) cluster(sketched beloy For Pt,
barrier heights are roughli,=0.26, EBl~O.33, EBZZO.36, and T0=1/2jp)+ 7. 2
Er=~0.35eV(Refs. 4 and b The prefactow for all atom jumps
is taken as 58102 s, In the empty zone, actual diffusion bar-
riers are not well established. For 7, we have
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FIG. 4. Location of W atomsin black on W(110) plane, 25 in BaTmer &
diameter, after 15 sec equilibration at 340 K withx?) = 412; edge ap
atoms are indicated by open circles. W atoms spread out over the
entire (110 plane, up to the step edge. X =0 b, b,
T1=1(2jp) + T2/2+ 7o/2. 3 FIG. 5. Potentials for modeling atom motion on cluste.
Incorporation opposed by a repulsive step-edge barrier beldnd
Substituting forry from Eq. (1), =b,. (b) Cluster with interior barrier beyonjk|=b,, normal dif-
fusion beyondx|=b;+ 1. (c) Cluster with interior barrier beyond
711=3I2jp)+ 5. (4) [x|=b;, and a trap ajx|=b,. Only the right half of the cluster

. . . . I potentials is shown.
We continue in this way to find lifetimes for all the other

positions until we come t0b2+1=0- After some tidying up,

- . .z cluster sizeb, in Fig. 6. On a cluster with a total of 41 sites,
the lifetime to incorporation is found as

that is, withb,= 20, the lifetime for an atom starting at the
center is only 103 ms.

All that is changed by the presence of a traditional step-
edge barrieiEg,, shown in Fig. §a). The lifetime for starts

at the center is now given by

7%= (b1 =X) (b1 +X)/(2jp) + 74, Ix|<by, 5

7= (b= [X|)[ (b2 —2b; + x|~ 1)/(2jp) + (b1 +3)/js,]

+1p, bi<[x[<b,, (6)
| _ o 70=b3/(2]p) + (b2 + 3)/jo, 9
7o,={1+]jrl(b=b1=1)/jp+ (b1 +3)/jg, Mie, (7)
o The first term gives the time to an edge site, the second the
~We can now explore how atom lifetime depends uponjifetime to incorporation starting from that site. Inasmuch as
different features of the energy landscape. To this end Wene ratej, at which atoms jump over a step-edge barrier
examine the movement of atoms over the Pt potential in F'gEB =0.33eV is only 6.6 ', orders-of-magnitude smaller
2 and its variants in Fig. 5. Barrier heights are patterned on -2 o] L
those found for Pt atoms on(®11), given under Fig. 2, and than the rate of atom diffusion, the second term is limiting.
the prefactor for the various jump processes is taken as 5.01€ lifétime to incorporation on a cluster with, <20, in
%102 s 1 the value for the diffusion of Pt atorisAll es-  H19- 6, has mcreaseq by more than a factor of 30 due to the
timates are made @t=140 K, a temperature at which jumps Presence of the barrier at the step edge.

over step-edge barriers of the height assumed here occur on a BaITers placed not at the step edge but rather in the inte-
time scale on the order of seconds. rior, betweer|x| =b, andb,+ 1 as in Fig. %b), have an even

For an atom starting at the origin on a cluster of radiys more drgmatic eﬁgct. That_ is clear in Fig. 7, W.here the life-
without additional barriers or traps, the lifetimg given by tl_me to m_corporatlon_startmg_from the center is plotted for
Egs. (5)—(7) reduces t& dl.fferent. interior barr!er Iocat.|onsbl, always on a cluster

with radiusb,=20. Given an internal barrier &= 16, for
70=(b,+1)%(2jp). (8) example, comparable to what has been found in experiments,
the lifetime is ~4 times longer than for the same height
Given that in diffusion at 140 K the jump rajg amounts to  barrier at the step edge of a cluster with= 20; this ratio is
2.15x10° s 1, incorporation should occur rapidly; that is maintained roughly constant at temperatures from 120 to 180
indeed the case as is evident in the plot of lifetime versus.
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FIG. 6. Lifetime 7y to incorporation into either step of a 1D
cluster of radiush, for atoms starting at the center. Temperature
=140K, Ep=0.26eV, and height of step-edge barriErBZ
=0.33 eV. Results are for “no barriers” according to E§), and
for “step-edge barrier” from Eq(9).

What happens here is fairly obvious. Once an atom has Location of Interior Barrier b,

overcome a step-edge barrier, it is gone from the cluster. That o ) o ]
is not the case for an interior barrier. An atom that has es- F!G: 7. Effect of interior barriers a, on lifetime for incorpo-

caped from the inner region of the cluster may, during itsrattior;_]f itf‘to "’;Stei’ ofa 1tDt_C|“s.tert'hradiH§tO|' ;Oéid point;_ indti-
subsequent random movements, return again to the centg?e tetime for aloms starting in the centerxa: 9, according fo
gs.(10) and(11). Open circles and diamonds show In‘etlr’ﬂkgal+l

and start all over again. This is also apparent from Egjs: : ) X ;
(7) for the lifetime, which, for an interior barrier such as in Starting atx|=b,+ 1, according to Eq(11). Dashed horizontal line
' ' gives lifetimery with only a step-edge barrier by=20. All values

Fig. Xb), can be written as are forT=140 K, and barriers are as for Pt in Fig. 2.

—h2/(oi 1/
70=b1/(2]p) + (b1t 2)/je, + 7,1 (10 potential at the step edge-is0.01-eV higher than elsewhere.

It is the termr,_ ., for the lifetime starting just beyond the The lifetimes, plotted in Fig. 7 by solid diamonds, are now at
interior barrier lwhich compared with EG8), is new and least 20% higher than in the absence of a step-edge barrier.

accounts for behavior rather different from that for step-edgd'92in the timer;, ., to incorporation starting just beyond
barriers. In the absence of any additional step-edge barrietfe interior barrier(shown by open diamongisnakes the

the lifetime 7, . ; is given by largest contribution. .
! These estimates, for atoms starting at the cluster center,
7p,+1= (Dp=by)[(by— by +1)/(2] D)+(bl+%)/j81]- provide a good indication of how significant interior bound-

(11) aries are in affecting the lifetime to incorporation. For some
problems, however, such as the rate of nucleation on top of a
The magnitude ofry, ., is indicated in Fig. 7 by open clyster, what is of interest is the lifetime of atoms that have
circles, and is seen to be almost as large as the overall valwarived from the vapor at random positions on the surface.
of the lifetime 7, to incorporation starting from the center. Atoms landing on a cluster close to the edge are obviously
The effectiveness of interior barriers close xe0 is not going to have a shorter lifetime than atoms starting at the
particularly pronounced, but increases rapidly as the barriersenter; the mean lifetime of atoms randomly distributed over
are moved midway between the center and step edge. Them,cluster is therefore expected to be smaller than the esti-
the lifetime to incorporation is more than 5 times greatermates in Figs. 6 and 7.
than for a barrier of the same height at the step edge. Closer This is clearly shown in Fig. 8, obtained by averaging
to the edge, the lifetime decreases again, but even when onbgs. (5)—(7) over all starting positions. In the absence of
two spacings from the step the lifetime is more than 2.Sbarriers other than to diffusion, the mean lifetime may be as
times that for a step-edge barrier. These trends are easy touch as 30% lower than for an atom starting at the center.
understand. With a barrier close to the center, the atom willThis has essentially no effect on the lifetime to incorporation
spend little time confined there. Most of the time the atomover a step-edge barrier, however, which is limited by the
moves over the rest of the surface. For a barrier midway teate of surmounting this barrier. In Fig. 9, we compérg
the edge, the atom will be more uniformly distributed overthe lifetimes for other potential models averaged over all
the regions behind and outside the barrier. starting positions, with lifetimes starting at the center. For
If a potential trap is present at the outermost cluster siteinterior barriers betweeib,;=12 and 2, random starts can

as in Fig. %c), the lifetime of an atom on the cluster in- lower lifetimes by one-fifth or more. This effect is largest for
creases hardly at all: it overlaps the curve for a system withlinterior barriers midway between the center and the edges;
a single interior barrier in Fig. 7. An additional barrier at the when the interior barrier is near the edge, averaging has little
step edge, however, even if small, has a significant effeceffect, since most of the atoms start inside the barridr, at
This is the situation for the Pt model potential, in which the Much the same holds true for lifetimes on the Pt model. The
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FIG. 8. Lifetimes(7) for atoms starting at random positions ona  FIG. 10. Comparison of, on a 2D circular cluster in the pres-
1D cluster with radius, . Otherwise, conditions are as for Fig. 6. €Nceé of a step-edge barrier and in its absence, as a function of
Gray curve depicts behavior of atoms starting in the center. cluster radiusb,. Eg,=0.33 andEp=0.26 eV; T=140 K. Points

are from Monte Carlo simulations for atom starting at the center.
net result is that the curves in Fig. 9 for random starting
positions are more asymmetrical, biased toward higher valearlo simulation¥’ on a roughly circular fod11) cluster, on
ues of the barrier positiob, . Nevertheless, it is clear that \yhich atoms are preferentially bound at fcc sites. Barriers to
for random starts also, interior barriers can significantly in-jumps from fcc sites are as listed above for 1D clusters.

crease the lifetime to incorporation. Jumps from hcp to fcc sites are assumed to occur over bar-
riers ~85-meV lower, but with the same frequency factor
B. Two-dimensional clusters =5.0x10"%.

For more realistic estimates we have to consider two-wleasmu?h as thﬁl ratio olf edge to mtzntor 1S|I3tes| |sta fac';ot[]of
dimensional clusters. On a circular cluster with a radigs arger forroughly circufar compared to 1L Clusters ot the

on which incorporation is hindered by a step-edge barrierza.rge ;adlus, We can expectsthorltertIlfetlr:;]es.tThls tréac?_d IS
the lifetime (7) of an atom averaged over all starting points vident on comparingy, on a cluster without any addi-

; tional barriers to atom transfer, in Fig. 10, with that on a 1D
has been given & cluster in Fig. 6. On a 2D cluster with a radibg= 20, the
lifetime for an atom starting at the centerfat 140 K is 78
msec, compared to 103 msec on a 1D cluster of the same
There is, however, no general relation for lifetimes on a cIus-Size' The same tendency is apparent for thg lifetime to incor-

oration over a step-edge barrier—on the circular cluster the

ter with a more realistic energy landscape. In considering., ¢~ . .
more varied situations, we therefore resort to kinetic Montd!l€lime is roughly half that on the 1D cluster, independent of
’ radius. In any event it is again obvious that the lifetime is
dictated by the step-edge barrier and the cluster radius; the
transit time generally amounts to less than 5% of the total.
That the presence of an interior barrier greatly increases
the lifetime 7, starting at the center of a 2D cluster is evident
in Fig. 11. This effectiveness increases as the interior barrier
is moved out from the center until a maximum is reached at
b;~12; thereafter the ratio of lifetimes for an interior as
compared to a step-edge barrier diminishes again. An interior
barrier located ab;=16, which corresponds roughly to the
width of the empty zone for Ir and Pt clusters, is stib
times as effective as the same barrier at a step edge, on a
cluster withb,=20. The introduction of an additional trap at
the step edge, as in Fig(d, changes the lifetime to incor-
poration very little. A slightly repulsive barrier at the step
edge, however, has a big effect when added to an interior
barrier. For locations of the interior barrier from=4-18,
the lifetime on the Pt moddlshown by solid diamondss
0 5 10 15 20 everywhere at least 3 times as large as with the barrier at the
Location of Interior Barrier b step edge; betwedm, =8 and 16, this ratio is-6 or larger.
] So far we have been concentrating on atoms starting at the
FIG. 9. Comparison of lifetime&r) for atoms starting at random center of a two-dimensional cluster. When Starting pOintS are
on a 1D cluster with radius of 2din black) with lifetimes starting ~ randomly distributed over the cluster, lifetimes are reduced,
in the center(in gray) from Fig. 7. Horizontal indicate$? with a  just as they were for 1D entities. The lifetime of an atom
barrier at the step edge. diffusing over a cluster without additional barriers, averaged

(1)=(ba+]jp/jg,)02/(2]p). 12

<1t> (5eC)
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FIG. 11. Effect of interior barrier on lifetime, to incorporation
of atom starting from the center on a 2D cluster with radius f 20 FIG. 13. Lifetimes of an atom starting at random positions on a
Ep=0.26€V throughout. For step-edge barrier Bj, Eg, 2D cluster. of radius, (in black). Curyes in gray showr for the
=0.33 eV; this is also the height of the barrlé,gl atb, in the plot atom starting at center, taken from Fig. 11. Horizontal gii@gor

“interior barrier.” Solid circles give results for interior barrier; step-edge barrier dt,=20.

dashed horizontal line indicateg in the presence of a barrier at the

step edge. Parameters for “Pt model” are as in Fig. 2. Curves ardave all been presaged by the previously shown results for
shown for guidance only. All points are from Monte Carlo simula- 1D structures, and confirm the important role of interior bar-
tions. riers.

over all starting points as in Fig. 12, is lowered by 20% and
more. However, the lifetime over a step-edge barrier again is IV. CONCLUSION

hardly affected, since it is limited by the rate of jumping over On clusters on the close-packéHl) plane of platinum

itrr:tee::i)grrrgrﬁ(ta:geaes,d\?vi’lla;sdbna?trigyst?r? tﬂ?izonzgms'tﬂg l';g_rfamily metals, the central region is separated from the cluster
. ' P ; ' edges by a significant barrier to atom motion. Such interior
time for random starts shown in Fig. 13 is cut by more tha

) "warriers on a cluster are considerably more effective in inhib-
0
25% compared to starts in the center for valuebpf. 14, iting incorporation of atoms into a cluster step than barriers

ter starts. Nevertheless, interior barriers located betvigen %E):ht?afrtizrr) fnda%/e.re%?r? fotothmes (t:gﬁier:at\(/)espzzrstsgﬁ g\\//eerr g;eailr? te
=5 and 18 stil incrgase the Iif.etim.e significantly (?OmparedLocated midway between the center and the edge, a barriér
to_a stt_ap-_edge barrier; for an interior boundary wig>8, may increase the lifetime to incorporation of an atom starting
this ratio '8.22'5' . _ . at the center by as much as a factor of 5 or more compared to
The lifetimes to incorporation here are al! uplformly the lifetime over a step-edge barrier of the same height on a
smaller than on 1D clusters. However, the qualitative trend%ircular island. Adding a trap site at the edge has only little
effect on the lifetime. However, an additional barrier at the
step edge further enhances the potency of the interior poten-
tial; for an interior barrier roughly halfway between the cen-
ter and the edge this may increase the lifetime more than 7
times that of a simple step-edge barrier. For atoms starting at
random locations on the surface, as they would in deposition
from the vapor, interior barriers are not quite as effective.

&
!

»
)

<> (seC)
o
(o]
T

0F e B arriers —»

Nevertheless, for a barrier four spacings from the edge, the
TN I I lifetime is still more than 4 times that over a barrier at the
0 5 10 15 20 step edge. This increase in the lifetime to atom incorporation
Cluster Radius b2 will tend to have the effect of increasing the probability of

nucleating 3D structures on a cluster. However, on small

FIG. 12. Effect of starting an atom at random positions uponclusters(with a diametex6l) there does not appear to be
lifetime of the atom(in black) on a 2D cluster of radiub,. Gray  any interior barrier. For small clusters, incorporation should
curve givesr, for atoms starting at the center, from Fig. 10. therefore proceed more easily, just over a step-edge barrier.
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Two important questions still need to be addressed. Howobvious, however. More detailed exploration of atomic be-
widespread are barriers in the interior regions of clusters? Sbavior on clusters will clearly be desirable.
far, they have been found on two fcc surfaces only. It would
be important to establish if such barriers are a general phe- ACKNOWLEDGMENTS
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