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Self-diffusion along step bottoms on Pt„111…

Peter J. Feibelman
Sandia National Laboratories, Albuquerque, New Mexico 87185-1413

~Received 22 March 1999!

First-principles total energies of periodic vicinals are used to estimate barriers for Pt-adatom diffusion along
straight and kinked steps on Pt~111!, and around a corner where straight steps intersect. In all cases studied,
hopping diffusion has a lower barrier than concerted substitution. In conflict with simulations of dendritic Pt
island formation on Pt~111!, hopping from a corner site to a step whose riser is a~111! microfacet is predicted
to be more facile than to one whose riser is a~100!. @S0163-1829~99!05331-X#
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I. INTRODUCTION

By allowing us to follow at the atomic level how the out
layer of a sample evolves in time, e.g., during epitaxy, hig
resolution microscopy offers a glimpse of the energy la
scape in which surface atoms migrate. The idea that con
ling surface evolution requires learning what conditio
make certain mass-transport processes facile and others
underlines the importance of the clues that scanning pro
thereby afford.

Deriving hard knowledge from a sequence of micrograp
is, however, a challenging task. Matter transport on the co
plicated landscape of an imperfect surface involves m
different energy barriers. Thus, it is generally unclear t
one’s ability to simulate micrographs using a limited set
semiempirical barriers—and until recently this was theonly
way to derive knowledge from scanning-probe data
warrants the inference that barriers ‘‘that work’’ correspo
to nature in an obvious way.

An additional worry, whenreactive surfaces are unde
study, is that data from apparently well-characteriz
samples may be governed by contaminant effects.1 The rea-
son is that gas species from the ambient tend to adsor
defects, such as island edges, where their effects are like
be particularly large. When this is the case,1 it is unclear
what inferences to draw from agreement of simulations w
experiment.2,3

Studies by Stumpf and Scheffler,4 by myself,5 and by
Bogicevic, Stro¨mquist, and Lundqvist6 point a way out of the
problem. Density functional methods7,8 can now be routinely
applied to periodic systems with unit cells encompass
tens to hundreds of atoms. Thus, to the accuracy inhere
density functional theory7–10 ~DFT!, using periodic model
‘‘defective’’ surfaces, one can compute energetic barriers
surface atom displacement near steps, kinks, and vacan
andpredict surface morphological changes instead of fitti
to them. In complicated cases, where Monte Carlo simu
tion based on a limited set of barriers is unavoidable, D
results can be used to constrain the choice of barriers.

Reference 5, on downward self-diffusion at steps
Pt~111!, illustrates how educational DFT results can be. T
small ~20 meV! reflection barrier calculated there for a
atom at a~100!-microfacet step, an ‘‘A-type’’ step in the
standard jargon, is inconsistent with the observations11 that
triangular pyramids bounded byA-type steps grow on the
PRB 600163-1829/99/60~7!/4972~10!/$15.00
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clean surface up to;450 K, and that O precoverage restor
layer-by-layer epitaxy byreducingthe A-step reflection bar-
rier.

The worrisome inability of DFT to account for these o
servations had a surprising denouement, when Kalff, Com
and Michely reported, independently, that the surface m
phologies of Ref. 11 had been strongly affected by adso
tion of CO from the vacuum system ambient.1 Consistent
with DFT energetics, the Pt islands that grow in the absen
of step-bound CO are bounded by~111!- rather than~100!-
microfaceted steps.1,12

Among the conclusions one may draw from this surpr
is that modern DFT calculations are sufficiently realistic a
reliable that they canand shouldbe used to critique experi
ment. Though DFT’s systematic error level remains a qu
titative question,7 the day is past when one could dismiss t
possibility out of hand that a gross disagreement betw
experiment and first-principles theory might reflect a syste
atic experimentalproblem.

In what follows, therefore, I extend consideration of t
energy landscape experienced by Pt atoms near step
Pt~111! to edge-running and corner-rounding barriers. The
barriers make the difference between compact, fractal,
dendritic13 islands, and must be part of an effort to simula
the morphology of a growing Pt~111! sample.

For example, Hohageet al. attribute the occurrence an
orientation of dendritic islands on Pt~111! between 150 and
250 K to the difference in barriers experienced by a Pt a
tom moving from an island corner to an adjacent~100!- or
~111!-microfaceted edge.14 On the basis of simple geometry
they argue that the adatom should move more readily to
~100!-type step, and show via a Monte Carlo simulation th
this assumption produces dendritic islands of similar char
ter to those observed experimentally.

Nonetheless, the DFT results reported below predict
the reverse anisotropy, in qualitative agreement with ear
semiempirical calculations of Ref. 2 and of Bruneet al.15

Thus we must explain a disagreement between theory
the apparent implications of experiment, once again.

Making it difficult to ascribe Ref. 14’s results to surfac
contamination, new experiments show that epitaxy un
‘‘extremely clean conditions’’ produces similar dendritic i
lands, with the same orientation.16 This result underlines the
importance of observations such as that of Bruneet al.,15 that
the atomic arrangement of the lower terrace ‘‘funnels’’
4972 ©1999 The American Physical Society
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PRB 60 4973SELF-DIFFUSION ALONG STEP BOTTOMS ON Pt~111!
atoms approaching an island to~100! in preference to~111!
microfacets or to corner sites. If this effect were large,
corner-to-edge barrier anisotropy might be irrelevant.

To obtain DFT barriers, I compute total energies of re
resentative periodic Pt vicinal surfaces, with Pt adato
placed in appropriate locations. Pt~854!, for example, has
~100!-microfaceted steps~henceforth referred to as ‘‘A
type’’!, interrupted by a kink every fourth atom and sep
rated by~111! terraces four atomic rows wide~see Fig. 1!.
Pt~874! similarly represents kinked~111!-microfaceted

FIG. 1. Ball model of the periodic vicinal, Pt~854!, whoseA
steps have a kink every fourth atom.~a! The adatom,A, is shown in
a fourfold coordination site, in each unit cell, adjacent to a kin
From there it may displace into the sixfold kink siteb, or it may
zig-zag onto theA edge through hcp and fcc hollows,h and f. ~b!
The adatom is in the transition barrier geometry between the s
edge and corner sites. Its bonds to terrace atomsT2 andT1 differ by
0.26 Å in the LDA, the former being shorter.
e

-
s

-

~henceforth ‘‘B-type’’! steps, and a 231 ‘‘reconstruction’’
of Pt~432! is convenient for the study of diffusion around th
120° corners where the two types of step meet.

These vicinals involve a substantial number of inequiv
lent atoms per surface unit cell. That their energies can n
be calculated routinely testifies to the enormous power
modern parallel computers and the sophisticated ViennaAb
Initio Simulation Package17–19 ~VASP!, which I have em-
ployed.

The computed barrier energies summarized in Table I–
embody several significant results beyond the barrier ani
ropy just discussed.

~1! In all cases considered, i.e., for straight and kinkedA-
andB-type steps and around corners between them, diffus
by concerted substitution~CS!, in which a step-edge atom
emerges onto the terrace and is simultaneously replace
the initial adatom, is considerably less facile than by or
nary adatom hopping. Within the local density approxim
tion ~LDA !,10 the CS barriers are 0.3 to 0.4 eV higher th
those for hopping.

~2! Hopping barrier energies mainly reflectlocal geom-
etry, i.e., the arrangement of the adatom’s nearest neigh
along its diffusion path. Thus, hopping from a corner to
adjacent step-edge site costs close to the same en
whether the corner represents a kink, as on Pt~854! or
Pt~874!, or the intersection of anA- and aB-type step, as on
Pt~432!.

~3! For the same reason, but perhaps more surprisin
barriers to diffusion along straight steps and around corn
are also not very different, ranging in the LDA between 0
and 1.0 eV. This result reflects an ‘‘early barrier’’ for a
adatom moving around a corner, experienced as it mo
parallel to the step bottom where it is initially bound.

~4! The computed barriers are roughly twice as large
the semiempirical results of Refs. 2 and 15.

The remainder of this article is organized as follows.
Sec. II, I provide relevant details of the numerical calcu
tions. Section III is devoted to presentation and explanat
of the resulting diffusion barriers. In Sec. IV, I compare
experiment, where possible, and to earlier calculations ba
on semiempirical force laws. Finally, in Sec. V, I discu
directions for further study.

II. NUMERICAL METHODS

The DFT results reported here were obtained using
efficient and accurate total-energy and molecular-dynam
package, VASP,17–19 its corresponding ultrasoft

.

p-
TABLE I. Comparison of LDA hopping and concerted substitution barriers~in eV! for self-diffusion on
various vicinals to Pt~111!.

Vicinal Step type From To Fig. Ehop ECS

Pt~322! A fivefold fivefold 2~a! 0.84 1.34
Pt~221! B fivefold fivefold 2~b! 0.90a 1.55
Pt~854! kinked A fivefold sixfold 1 0.96 1.34
Pt~874! kinked B fivefold sixfold 3 0.89 1.30
Pt~432! 120° corner A side B side 4 0.99 1.44
Pt~432! 120° corner B side A side 4 0.90 1.45

aThis compares to a FIM value~see Ref. 20! of 0.8460.10 eV atB steps on Pt~331!.
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TABLE II. Comparison of hopping self-diffusion barriers~in eV! for various surfaces vicinal to Pt~111!,
calculated within the LDA and the generalized gradient approximation~Ref. 8!.

Vicinal Step type From To Fig.
LDAa

Ea ~eV!
GGAb

Ea ~eV!

Pt~322! A fivefold fivefold 2~a! 0.84 0.71
Pt~221! B fivefold fivefold 2~b! 0.90c 0.77c

Pt~854! kinked A fivefold fourfold 1 0.96 0.82
Pt~854! kinked A fourfold sixfold 1 0.45 0.42
Pt~854! kinked A sixfold fourfold 1 1.32 1.08
Pt~854! kinked A fourfold fivefold 1 0.51 0.46
Pt~874! kinked B fivefold fourfold 3 0.89 0.74
Pt~874! kinked B fourfold sixfold 3 0.39 0.35
Pt~874! kinked B sixfold fourfold 3 1.39 1.13
Pt~874! kinked B fourfold fivefold 3 0.40 0.37
Pt~432! 120° corner A side fourfold 4 0.99 0.84
Pt~432! 120° corner fourfold B side 4 0.40 0.38
Pt~432! 120° corner B side fourfold 4 0.90 0.76
Pt~432! 120° corner fourfold A side 4 0.49 0.44

aReference 10.
bReference 8.
cThis compares to a FIM value~see Ref. 20! 0.8460.10 eV atB steps on Pt~331!.
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pseudopotential database,22 and either the local exchange
correlation potential of Ceperley and Alder,23 or the Perdew-
Wang ’91 Generalized Gradient Approximation~GGA!.8

Although plane-wave calculations ford-electron metals typi-
cally require unwieldy basis sets, use of an ultrasoft pseu
potential assures convergence of total energy differen
with modest basis cutoffs, specifically, 14 Ry for Pt. To a
celerate electronic relaxation, I use the Fermi-level smea
approach of Methfessel and Paxton, with a width equal to
eV.24

As noted above, I estimate diffusion barriers by comp
ing total energies of periodic vicinal thin slabs whose geo
etries correspond to the beginning and end of a diffus
step, and the transition, or saddle point between them. I
the slab lattice parameter to the optimal bulk LDA or GG
value, namely, 3.91 or 3.99 Å~experiment yields 3.92 Å!. To
locate transition geometries I use the ‘‘nudged elastic ban
~NEB! scheme of Jo´nsson, Mills, and Jacobsen.25 Typically
four slab replicas between the initial and final geometries
enough to produce a smooth minimum energy path u
relaxation. I determine barrier energies via spline fits.26 Bar-
riers quoted are numerically accurate to;20 meV.

The following subsections provide specifics of the vicin
slab calculations that represent diffusion along the botto
of ~A! straight steps,~B! kinked steps, and~C! around the
120° corners whereA- andB-type steps intersect.

A. Diffusion along unkinked A and B steps

To estimate diffusion barriers for straightA- and B-type
steps, I compare total energies of 331 arrangements of P
adatoms on 20-layer Pt~322! and 18-layer Pt~221! slabs@see
Figs. 2~a! and 2~b!#, in each case fixing the lower five atom
layers in their bulk DFT positions, and relaxing all the re
The ~322! and ~211! slabs have rectangular primitive un
cells, whose reflection symmetry is conveniently unaffec
o-
es
-
g
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-
-
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n

l
s

.

d

by adding 331 arrangements of adatoms along the step b
toms. Their ~111! terraces are five and four atomic row
across, sufficiently wide that step-to-step interaction effe
are small. The same applies to the separation of the ada
in the assumed 331 adsorption geometry.

I relax electronic densities till the total energy is co
verged to;531026 eV/atom and geometries till the force
on unconstrained atoms are below;0.03 eV/Å. Because the
bonding of Pt is dominated byd electrons, which occupy
relatively flat bands, and aiming for 20 meV accuracy
diffusion barriers, the surface Brillouin zone sample I ha
used, comprised of 16 equally spacedk vectors, is conserva
tive.

For the sake of a consistency check~see Sec. III D!, I also
report step-bottom adsorption energies on a Pt(11
334) supercell slab whose surface is a periodic array
stripes. As Fig. 2~c! makes plain, the valleys on such a su
face are bounded on one side by anA-type step and on the
other by aB-type step.4 Thus Pt binding energies atA- and
B-type steps can be subtracted with optimal error cance

TABLE III. Comparison of first-principles LDA and GGA,
semiempirical and experimental edge-running and corner-roun
barriers~in eV!.

Path LDA GGA Semiempirical Experiment

alongA step 0.84 0.71 ;0.45a

alongB step 0.90 0.77 ;0.40a 0.84b

corner-to-A 0.49 0.44 0.21,c 0.23–0.25a

corner-to-B 0.40 0.38 0.17,c 0.18–0.20a

Pt~311! 0.77 0.64 0.60,d 0.69b

aReference 2.
bReference 20.
cReference 15.
dReference 21.
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FIG. 2. An adatom,A, bound in a fivefold coordinated step
bottom site on~a! Pt~322!, ~b! Pt~221!, and~c! on theA-step side of
a valley between two monolayer-high stripe islands on Pt~111!. ~a!
and ~b! represent the vicinals used to compute diffusion barri
along unkinkedA- andB-type steps.~c! shows the surface used t
establish a common energy zero.
tion. The energies reported below for the stripe islands c
respond to a slab whose stripe islands and the valleys
tween them are both four atomic rows across. The slab is
layers thick in the valley regions. The stripes thus repres
half a sixth layer. In these calculations I sample the Brillou
zone with eight equally spacedk’s.

B. Diffusion at kinked A- and B-type steps

To study diffusion around kinks, I compute total energi
of the Pt~854! and Pt~874! surfaces, which are illustrated i
Figs. 1 and 3. Pt~854! is comprised of terraces four atom
rows wide betweenA-type steps that have a kink ever
fourth atom~see Figs. 1!. Pt~874! also has terraces four atom
rows across between steps kinked every fourth atom~see Fig.
3!. On this crystal plane, however, the kinked steps areB
type.

To limit quantum size effects, I represent the~854! and
~874! surfaces of Pt by 61- and 64-layer slabs~where each
‘‘layer’’ is comprised of atoms equivalent under the tw

s

FIG. 3. Ball model of the periodic vicinal Pt~874!, whoseB-type
steps have a kink every fourth atom.~a! Adatom,A, is shown in a
fourfold corner site, in each unit cell, from which it might move
the fivefold edge site on its right,g, or the sixfold coordinated kink
site,b, on its left.~b! The adatom is in the transition barrier geom
etry between the step-edge and corner sites. Its bonds to
bottom atomsB1 andB2 differ by only 0.08 Å in the LDA.
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4976 PRB 60PETER J. FEIBELMAN
dimensional lattice translations!. The thicknesses of thes
slabs roughly equal that of a five-layer Pt~111! film. In each
case I fix the atoms of the lower 24 layers at bulk DF
positions and allow the remainder to relax. Force and ene
tolerances are as in the straight-step calculations.

As a check on the convergence of the calculated ener
with the size of the surface Brillouin zone sample, I comp
Pt~874! results corresponding to four and 16k-vector
samples. The results agree to;20 meV, implying that the
16-k sample gives a sufficiently accurate picture.

C. Diffusion at the intersection of anA- and a B-type step

For diffusion near intersections ofA- andB-type steps, I
calculate the energetics of hypothetical 231 reconstructions
of Pt~432!, as illustrated in Figs. 4. Displacing atoms ‘‘A’’ in
the unreconstructed geometry of Fig. 4~a! to the right, I ar-
rive at the geometry of Fig. 4~b!, where they are now locate
on theA-step side of corner site,g. Moving them farther, or
substituting them for corner atoms ‘‘B,’’ as in Fig. 4~c!, I can
estimate the energetics of corner rounding by either site
site hopping or concerted substitutional diffusion. The res
reported correspond to 52 atomic layer 231-(432) slabs
whose thickness is roughly that of four~111! layers. The
lower eight two-atom layers are fixed at bulk DFT relati
positions and the rest relaxed. Here, as in the other c
studied, I use a full Surface Brillouin Zone~SBZ! sample of
16 equally spacedk’s.

III. COMPUTED DIFFUSION BARRIERS

In the following subsections I present and discuss the
culated energetics of self-diffusion along the bottoms of~A!
straight and~B! kinked steps on Pt~111! and,~C! around the
120° corners whereA- andB-type steps intersect on the sam
surface. In Sec. III D I show that, to within a reasonable le
of accuracy, the results presented are in accord with the p
ciple of detailed balance. Because LDA hopping barriers
several tenths of an eV lower than CS barriers~cf. Table I!,
the discussion focuses on hopping.

A. Diffusion along unkinked A and B steps

Calculated and measured edge-running barriers~see Table
II ! are roughly two and a half times larger than the se
diffusion barrier on Pt~111!, which equals 0.29 eV in both
the LDA and the GGA. At first glance this difference seem
surprising, since the number of an adatom’s near neighb
diminishes by only one as it displaces along a step bottom
the barrier geometry—just as on a perfect~111! terrace. A
closer look at bond lengths, however, shows that coord
tion loss in displacement to the step-bottom barrier geom
is considerably greater than in diffusion on a~111! terrace.

Specifically~see Table IV!, on a~111! surface the cost o
displacing an adatom from its initial fcc three-fold hollow
a bridge is that of replacing three longer bonds by t
shorter ones~shorter by 2%!. In contrast, in the barrier ge
ometries for diffusion alongA- and B-type steps, the ada
tom’s initial five bonds are replaced by two short ones a
two long ones. At anA step, after elimination of one bond t
a step-edge atom, one other one shortens by 4%, one i
placed by a bond that is 6% longer, and two others remai
y
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roughly the same length. At aB step, beyond eliminating one
short bond, displacement to the barrier means shortening
bonds by 7% each, and replacing two others with bon
longer by 8% and 4%. Thus, compared to a~111! terrace, the
barrier to displacement along a step bottom is relatively la
because the loss of one rather strong bond is poorly com
sated, overall, by strengthening of the remainder.4

FIG. 4. Illustrations showing how the periodic vicinal, Pt~432!,
is used to estimate corner-rounding barriers. 231 reconstructed
geometries are relaxed, in which the atoms labeledA in ~a! are
moved either to fivefold edge sites,a or b, or to fourfold corner
site, g. Minimum energy paths between these sites are then c
puted using the NEB method of Jo´nsson, Mills, and Jacobsen~Ref.
25!. ~b! shows atomsA in the edge site on theA-type side ofg. ~c!
illustrates the transition geometry for a concerted substitution
which corner atomB emerges onto the lower terrace and is sim
taneously replaced by atomA.
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TABLE IV. For adatom diffusion along the bottom of anA-type and aB-type step, and on a step-fre
Pt~111! plane, lengths of the adatom’s shortest bonds—in its lowest energy, high coordination site, and
diffusion barrier geometry. The letters in parentheses indicate the identity of the substrate neighbor f
bond. Thus ‘‘e’’ indicates a bond to a step-edge neighbor, ‘‘b’’ to a step-bottom neighbor, and ‘‘t’’ to a
terrace neighbor. The numbers given correspond to LDA calculations for Pt/Pt~322!, Pt/Pt~221!, and Pt/
Pt~111!.

Step
type

Adatom
site Shortest adatom bonds

A fivefold 2.58(b),2.58(b),2.64(e),2.64(e),2.71(t)
A barrier 2.47(b),2.64(e)2.73(t),2.73(t)
B fivefold 2.56(b),2.64(e),2.64(e),2.66(t),2.66(t)
B barrier 2.47(e),2.49(t),2.76(b),2.76(b)
no step threefold~fcc! 2.52(t),2.52(t),2.52(t)
no step bridge 2.47(t),2.47(t)
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B. Diffusion along kinked steps

Usually, hopping from an edge site into a kink will tak
place in two steps~cf. Figs. 1 and 3!. First the adatom will
move from the edge, where it has five neighbors, to a co
site where, having lost contact with an upper terrace atom
has just four. Then, barring a return to the edge, it will d
place into the kink where it has six neighbors and is tigh
bound.

At a kinkedB step, according to the present calculatio
displacement from the fivefold to the fourfold site is on
weakly affected by the reduced coordination of the fin
state. Within the LDA~GGA!, the barrier is 0.89~0.74! eV,
as against 0.90~0.77! eV for hopping along the straigh
B-type step. This suggests that theB edge-to-corner barrier is
largely determined locally.4 In other words, it occurs
‘‘early’’ enough that the absence of a next-nearest step-e
neighbor in the barrier geometry is of little consequence.

The bond-length comparison in Table V supports this p
ture. The shortest adatom bond lengths forB edge-to-corner
diffusion on Pt~874! are within 0.01 Å of the correspondin
lengths at the barrier for diffusion along the straightB step of
Pt~221!. The next-longer bonds, to step-bottom atomsB1 and
B2 in Fig. 3~b!, are also relatively close in length, 2.71 an
2.79 Å, to the corresponding bond lengths, 2.76 and 2.76
in the barrier geometry on Pt~221!.

That the adatom’s bonds toB1 and B2 are of different
lengths reflects the kink-related asymmetry of the ene
landscape near the diffusion barrier. That these lengths
not very different means the asymmetry is weak.
er
it
-

,

l

ge

-

,

y
re

In the A edge-to-corner barrier configuration on Pt~854!,
the lengths of the two shortest bonds between an adatom
its substrate neighbors are also close to what is found
diffusion along the corresponding straight edge~see Table
V!—and as for theB-step case, the lengths of next long
bonds,AT152.66 Å andAT252.92 Å @see Fig.~b!# bracket
the corresponding straight-edge barrier bond lengths, 2
and 2.73 Å. However, given that bond strength is quite s
sitive to bond length, the 0.26 Å difference betweenAT1 and
AT2 signals a not-so-weak asymmetry of the near-kink
ergy landscape, and a significant effect on diffusion.

It is therefore not a surprise that the barrier to displac
from the fivefold to the fourfold site isnot identical to the
diffusion barrier along the straightA-type step, but more than
0.1 eV higher. More precisely, on Pt~854!, within the LDA
~GGA!, the A edge-site-to-corner barrier is 0.96~0.82! as
against 0.84~0.71! eV for hopping along the straightA-type
step.

It is important to appreciate that, by the principle of d
tailed balance, any effect on an edge-to-corner barrier h
corresponding effect on the reverse process, in this cas
corner-to-edge displacement. Moreover, locality of bond
implies that the binding energies of adatoms in corner s
on the kinkedA- and B-type steps of Pt~854! and Pt~874!
must be roughly equal. On the basis of the edge-to-cor
barriers just discussed~refer to Table II for a summary!, one
can therefore expect the corner-to-B-edge activation energy
on Pt~874! to be about 0.08 eV smaller than the corner-to-A-
edge barrier on Pt~854!. In agreement with this expectation
aight
y of the
TABLE V. Comparison of bond lengths in barrier geometries corresponding to diffusion along str
steps and from edge-to-corner sites on kinked steps. The letters in parentheses indicate the identit
substrate neighbor for each bond. Thus ‘‘e’’ indicates a bond to a step-edge neighbor, ‘‘b’’ to a step-bottom
neighbor, and ‘‘t’’ to a terrace neighbor. The numbers given correspond to LDA calculations for Pt/Pt~322!,
Pt/Pt~854!, Pt/Pt~221!, and Pt/Pt~874!.

Vicinal Barrier Shortest adatom bonds

Pt~221! alongB-step bottom 2.47(e),2.49(t),2.76(b),2.76(b)
Pt~874! B-edge to corner 2.47(e),2.50(t),2.71(b),2.79(b)
Pt~322! alongA-step bottom 2.47(b),2.64(e),2.73(t),2.73(t)
Pt~854! A-edge to corner 2.47(b),2.61(e),2.66(t),2.92(t)
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4978 PRB 60PETER J. FEIBELMAN
the calculated LDA~GGA! corner-to-edge barrier is 0.4
~0.37! eV for the kinkedB-type step and 0.51~0.46! eV for
the kinkedA step.

This corner-to-edge barrier difference is of the order
magnitude needed to explain the formation of dendritic
lands in epitaxy on Pt~111!,27 but it has the wrong sign to
explain their orientation.14 Implications of this discrepancy
are discussed below. First, however, it is worth trying to g
some understanding of the physics that gives rise to the
rier anisotropy.

To this end, note that while the adatom diffusion pa
from corner toB-edge site is essentially a straight line pa
allel to theB step~cf. Fig. 3!, for displacement from corne
to anA edge matters are different. In that case@see Fig. 1~a!#,
the atoms on the lower terrace first guide the adatom a
from corner atomC and toward hcp hollowh, then back
toward the first fivefold coordinatedA-edge site. On a
straight A edge, sufficiently far from a kink, the diffusio
barrier geometry is symmetrically located between neighb
ing fivefold sites, where a ‘‘zig’’ into a hcp hollow ends an
a ‘‘zag’’ begins. But immediately at a kink, the first ‘‘zig’
coupled with the strong pull of the undercoordinated cor
atom produces an asymmetric barrier and a correspondi
higher activation energy for diffusion.

In Ref. 15, Bruneet al. remark thatstrain relief is the
source of the low corner-to-B-edge barrier. The idea is tha
the short bonds required in theB-edge barrier geometry ar
favored by Pt, whose relatively low temperature reconstr
tions identify it as a high-surface-stress material. The se
empirical calculational evidence is that on a ‘‘low stress’’ A
surface, Ag atoms tend to diffuse from corners toA rather
thanB edges.

Whether these thoughts will be supported by stress-re
calculations remains to be seen. It is clear from the pres
calculations, though, that the local barrier geometry in dif
sion from a corner to aB-edge site is virtually identical to
that for displacement along a straightB step. Thus, whateve
the contribution of stress relief may be, it is the same ne
kink as far from one. This argument casts doubt on
stress-relief explanation of the barrier anisotropy. Wha
different near a corner as against a straight edge is the a
metric organization of the atoms on theA-step side of the
corner. That, coupled with the low coordination of the corn
atom, is the most likely source of the computed high bar
against corner-to-A-edge displacement.

C. Diffusion around intersections ofA- and B-type steps

As in edge-to-kink displacement, an adatom will usua
hop in two steps around a 120° corner where anA- and a
B-type step intersect. First displacing from an edge fivef
site to a corner fourfold geometry, the adatom will th
move on to a fivefold site on the other edge. According
Table II the barriers for displacement between fourfold a
fivefold sites at a corner on Pt~432! are within 20 meV of the
barriers for the corresponding displacements at the bott
of the kinked steps of Pt~854! and Pt~874!, one last conse-
quence of locality.

These results confirm that displacement from a corner
to a B-step edge ismore, rather than less facile than to a
A-step edge site—specifically, the LDA~GGA! barrier
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against displacement from a corner site to theB-type edge is
0.09 ~0.06! eV smaller than to theA edge. As was propose
at the end of the preceding section, the source of this dif
ence is likely the conflict between the zig-zag diffusion pa
imposed by the lower terrace, as one moves from cornerA
edge, and the need to coordinate as strongly as possib
the corner atom. In any event, accepting the validity of
numerics, it remains to explain the orientation of the de
dritic islands observed in Ref. 14, which, according
simulations,14,15 require that the corner-to-B-edge barrier be
the lower.

D. Consistency of the calculated energies

Before comparing calculated to measured edge-runn
and corner-rounding barriers, it is important to consider
consistency of the calculated results—and at first glan
there is some reason for concern. SinceA-type steps have a
higher formation energy thanB type,29 the former should be
more reactive and should bind Pt adatoms more strongly4,30

Notwithstanding, the Pt~432! barriers in Table II imply28 a
negligible LDA binding energy difference between fivefo
sites immediately on theA- andB-step sides of a corner. In
the GGA~see Fig. 5!, the difference is also small; theA-step
site is favorable by only 0.02 eV.31

Why does displacing an atom from theA to theB side of
a corner incur virtuallyno energy cost? Without respondin
to this question directly, an obvious reply is that there is
reason that binding energies at fivefold edge sites adjace
corners should be the same as at fivefold sites farther d
an edge. In fact, based on field-ion microscopy~FIM! obser-
vations, Fu, Tzeng, and Tsong32 show that just such an en
ergy difference exists for an Ir adatom on theA-step side of
an island corner on Ir~111!, and amounts to;0.03 eV.

No comparable result has yet been reported for Pt. In
meantime, however, it is of interest to compute the ene
required to displace a Pt adatom from a straightA- to a
straightB-edge site, and verify that it is positive and substa
tial. To this end, I optimize adatom geometries on strip
~111! slabs~cf. Sec. II A!. Within the LDA ~GGA!, using the
supercell schematized in Fig. 2~c!, I find that a Pt adatom
should gain 0.11~0.13! eV in moving from aB- to anA-type
step, in qualitative agreement with the idea that the step w
the higher formation energy should be more attractive to
adatom.29

FIG. 5. Corner-rounding energetics on Pt~432! from the GGA
column of Table II. Note~see dashed line! that binding on theA and
B sides of the corner is close to equally strong.



s
.
o

ea

A

in

e
fo

is

n
.

nt
r

an

s

t,
ial
re it

sub-
the
ind-
d in
on

n-

for
ce-
n
t be
d

or-
be

g
e the
ield

ng
ne
er-
lt of
com-
ven
he
on

of
ng
ier
h

rri-
ail-

on

to
or

PRB 60 4979SELF-DIFFUSION ALONG STEP BOTTOMS ON Pt~111!
IV. THEORY VS. EXPERIMENT

Comparison with available data~cf. Table III! establishes
that the reliability of DFT self-diffusion barrier calculation
for Pt~111! and its vicinals is in the neighborhood of 10%
For example, the computed barrier for adatom hopping
Pt~111! is ;0.29 eV in both LDA and GGA, while
field-ion33,34 and scanning tunneling microscopy35 ~STM!
concur on an experimental value of;0.26 eV.

Edge running along the bottom of aB-type step is repre-
sented in the literature by Bassett and Webber’s FIM m
surement of self-diffusion on Pt~331!.20 They obtain a barrier
of (0.8460.10) eV, which is bracketed by LDA and GG
barriers of 0.90 and 0.77 eV.

The only experimental results available for edge runn
along anA-type step are for self-diffusion on Pt~311!. As
Fig. 6 makes clear, one can scarcely speak of~111! terraces
on this vicinal, since they are only two atomic rows wid
Comparison with edge-running barriers computed

FIG. 6. Schematic of a periodically repeated adatom on Pt~311!.
~a! shows the adatom in its optimal fivefold coordination site.~b!
shows it in the fourfold barrier geometry. In both cases the ada
has three edge neighbors~defined as atoms that are sevenfold co
dinated when the adatom is absent!.
n
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g

.
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Pt~322!, whose~111! terraces are five atomic rows across,
therefore not quite fair.

Instead, I have directly computed barriers for diffusio
along the grooves of Pt~311! for comparison to experiment
They are 0.77 eV~LDA ! and 0.64 eV~GGA!, compared to
FIM-based measurements yielding (0.6960.20) and (0.60
60.03) eV.20,21The GGA result is in rather close agreeme
with experiment, evidently, while the LDA barrier is rathe
too high.

Before leaving the case of Pt~311!, it is worth considering
why its grooves impose a smaller barrier to diffusion th
that which hindersA-step edge running on Pt~322!. A plau-
sible answer~cf. Fig. 6! is that when an adatom displace
from fivefold to fourfold coordination geometries on Pt~311!
it remains coordinated tothreestep-edge atoms. In contras
at anA-type step bottom, the adatom moves from an init
site where it has two edge-atom neighbors to a site whe
has just one.

Since step-edge atoms are the least well coordinated
strate atoms on a vicinal with straight steps, they are
atoms in greatest need of an additional neighbor. Thus, b
ing to more edge atoms reduces the system energy, an
particular the relative energy of the barrier geometry
Pt~311!, illustrated in Fig. 6~b!.36

Given that DFT produces self-diffusion barriers in reaso
ably good agreement with experiment for vicinals to Pt~111!
with straight steps, there is no reason to expect it to fail
diffusion around kinks and corners. The result that displa
ment from a corner site to aB edge is more facile than to a
A edge must therefore be taken seriously, and a way mus
found to reconcile it with the simulations of dendritic islan
orientation performed by Hohageet al. in Ref. 14.

As mentioned above, Bruneet al.15 point out that corner-
to-edge barriers may be irrelevant to dendritic island m
phology, because Pt atoms approaching an island may
preferentially guided toA-type edges without ever attachin
at a corner site. Thus, they argue in essence that becaus
simulations of Ref. 14 leave out key processes, they y
barriers which contradict theory.

In light of Ref. 1, prudence dictates, before computi
more barriers and performing further simulations, that o
dispose of the possibility that the experimental corn
rounding preference might appear reversed as a resu
step-edge-absorbed contaminants. That this has been ac
plished is the message of Ref. 16, which shows that e
with a level of step contamination by CO much below t
already low level of Ref. 14, the dendritic-island orientati
is no different.

V. THE FUTURE

A host of studies makes it clear that the morphology
virtually any growing surface can be simulated by maki
‘‘reasonable’’ assumptions concerning binding and barr
energies and applying the Monte Carlo technique. But suca
posteriori analysis entails several problems.

~1! It is not clear that a set of binding energies and ba
ers that works provides a uniquely sensible fit to the av
able data.

~2! It is not clear how processes left out of considerati
might shift the energies one determines via a fit.

m
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~3! If sample characterization is inadequate, it is not cl
what system the fit barriers correspond to, and the degre
which they are ‘‘transferable’’ for analysis of other data.

The fact that we can now perform first-principles calcu
tions for relatively low-symmetry, large unit cells, containin
essentially any atomic species, and the existence of num
ous cases where results of such calculations are in reason
good agreement with experiment, points to a near future
which Monte Carlo simulation will no longer be a fittin
technique, and in which DFT results will routinely be used
assess the adequacy of surface characterization.

In the quest to simulate epitaxy on clean Pt~111!, several
barriers~and all prefactors! remain to be determined—thos
for downward transport at a kink, for adatom capture by
step and by a kink, and for diffusion of small clusters. Lea
ing their magnitudes, and thus establishing Pt~111! growth as
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a predictive test bed for the theory of epitaxy, is a ve
appealing goal.
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