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First-principles calculations show that O adatoms are attracted to step edges on Pt(111), ga
0.2 to 0.3 eV per nearest neighbor step-edge Pt atom, and that they favor “fcc-like” over “hcp-li
sites by ,0.4 eV. These preferences account for the different appearances, in scanning tunne
micrographs, of O-saturated,A- and B-type island edges on Pt(111). They imply that O binds in
a three-fold, fcc hollow site behind aB step, while twofold edge bridging is favored forA steps.
[S0031-9007(96)01151-9]

PACS numbers: 68.35.Bs
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In this Letter, we compare scanning tunneling m
crographs and local density approximation (LDA) ca
culations [1] of O-saturated, monatomic-height steps
Pt(111). Representative micrographs, such as tha
Fig. 1, are of markedly different appearance near the
close-packed step types that exist on this surface.
calculations yield a simple interpretation of the differen
in terms of energetic preferences for “twofold, overedg
and “threefold, overterrace” O binding geometries at
called A and B steps, whose “risers” are, respective
(100) and (111) microfacets (cf. Fig. 2).

The behavior of gas fragments near defects on tra
tion metal surfaces is central to scientific issues from
interpretation of scanning tunneling micrographs (ST
[2] to the energetics of reconstructive phase transiti
[3]. The way that light adspecies interact with surface d
fects is also the key to important technological questio
including the mechanisms and performance of “surf
tant” species in promoting layer-by-layer crystal grow
[4], and the nature of heterogeneous catalytic reacti
[5]. On surfaces vicinal to Pt(111), O is known to pr
fer binding to steps [6,7]. Preadsorbed O has been sh
to promote layer-by-layer growth of Pt(111) [4], and
higher temperatures, ad-O causes a “step-doubling” re
struction [3]. Thus the OyPt system exhibits many of th
phenomena one would like to understand.

On the low-Miller-index surfaces of metals, adatom
typically bind in the highest coordination site availab
Thus it is not surprising that in the saturationps2 3

2d-OyPts111d structure [6], O atoms occupy fcc threefo
hollows [8]. On a stepped surface, O binding need
be optimal at the highest coordination site, because th
adatoms’ demands must now be balanced against tho
the various, geometrically inequivalent Pt atoms.

Figure 1 shows that O adatoms prefer steps to
races on islanded Pt(111); essentially all the island ed
in the micrograph exhibit nearby O-induced featur
while the terraces are relatively free of O. This ev
dence that passivating low coordination atoms at isla
edges dominates the choice of binding site is not
expected. What is remarkable is how differently t
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O adatoms affect the appearances of (100) and (1
microfacets.

In what follows we interpret this difference via LDA
total energy calculations. The LDA’s qualitative predi
tions are likely to be trustworthy, since structural ener
differences are rather large for O adsorption on Pt.
showing that the different appearances of the O-cove
steps relate simply to theoretical O binding geometri
we hope to establish OyPt as a standard reference syste
for developing our understanding of gas interactions w
defects on transition metals.

Our micrographs were obtained in a UHV-STM a
paratus [9]. Prior to each adsorption experiment,
Pt(111) crystal was cleaned until no trace of impurit
was detectable in STM topographs or Auger spectra,
ing cycles of Ar1 ion bombardment, then exposure
5 3 1026 mbar of O2 at 750 K and annealing to 1300 K
We create the saturationps2 3 2d-O structure while cool-
ing down from the last anneal by exposing the Pt(11
surface2 3 1025 mbar O2, starting at 500 K. Through
out the range of applied tunneling voltagess6600 mVd
and currentss#15 nAd, oxygen images as a depression
the terraces. To obtain a surface with a large numbe
both types of close-packed step edges covered by O

FIG. 1. Scanning tunneling micrograph of O-covered islan
on Pt(111), created by deposition of Pt onto the O-ps2 3 2d
structure at 300 K. Along the close-packed step edges
bound the islands, adsorbed O gives rise to as2 3 1d periodic
structure. At theB steps, O forms dark depressions on t
upper terrace. AtA steps, O creates a scalloped appearan
The topographs are differentiated to enhance contrast,
illumination from the left.
© 1996 The American Physical Society 2257
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toms,
deposit several monolayers of Pt onto the O-covered
face, by sublimation of a heated Pt foil. This depositi
results in partial loss of oxygen from the terraces, wh
the step edges remain O decorated.

Figure 1 shows O-covered step edges after Pt dep
tion at 300 K NearB steps, O forms a2 3 1 row of
dark dots along the upper step edge. Since oxygen
ages as a depression with the same corrugation for
the occasionally observableps2 3 2d patches on the ter
race and thes2 3 1d rows along theB steps, we conclude
that it is adsorbedon the upper edge of the step (i.e., it
not incorporated in the surface layer). According to t
registry with theps2 3 2d patches on the terrace, sinc
ps2 3 2d-O occupies fcc hollows on Pt(111) [8], the
resides in fcc hollow sites behind eachB step.

O also gives rise to2 3 1 periodic images alongA
steps, but with a markedly different appearance, scallo
rather than straight step edges, and no dark dots.
though we cannot say from the STM image just whe
the O adatoms lie, it is clear that they sit closer to the s
edges than forB steps.

Because O and Pt are strong pseudopotential atoms
because vicinal surface calculations involve substan
numbers of atoms in the unit cell, it is convenient to u
QUEST, a parallel, linear combination of atomic orbita
(LCAO) implementation of the LDA [10], to obtain
theoretical, O binding energies. We use Hamann [11]
Troullier-Martins (TM) pseudopotentials [12] to represe
electron interactions with Pt and O nuclei (the TM
pseudo-wave-functions’ relative smoothness allows
coarser coordinate-space meshes [13]), and the Cepe
Alder potential to account for exchange and correlat
[14]. Basis sets for the vicinal Pt slabs are as in Ref. [1
In addition, we center twos-, two p-, and oned-like
orbital [16] at each O site.

To obtain O heats of adsorption, we compare
energies of geometrically relaxed, clean and O-cove
periodic vicinal slabs. The slabs are at least seven (1
layers thick [17] and their terraces three to five atom
rows wide. To perform a slab-geometry optimization, w
fix several [17] central Pt layers at bulk-Pt separatio
and relax the rest, plus any O atoms, via Johnso
iteration scheme [18]. O atoms are initially placed ne
symmetry sites, and, as Table I shows, they remain ra
symmetrically bonded, with three bonds,2.0 Å long on
terraces, or two that are,1.9 Å long, at edge bridges
To obtain meaningful energies, we allow the same
of Pt atoms to move, for each slab, both when
slab is clean and when it is O covered. We che
that the forces on the central layers are small; th
would be zero for asymptotically thick slabs. We pla
adatoms symmetrically on both sides of each slab to sp
convergence to electronic self-consistency. We sam
surface brillouin zones with equally spaced k vecto
separated by no more than0.2 bohr21.

On Pt(111), O adsorption saturates at 0.25 monola
coverage [6]. LEED analysis implies that, at that covera
2258
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O atoms reside in every other fcc threefold hollow,
an orderedps2 3 2d arrangement. The first and seco
Pt layers are somewhat buckled in the presence of
adatoms, and the O-Pt bond length is 2.02 Å [8]. In go
agreement, we obtain an O-Pt bond length of 2.00 Å
the midterrace fcc site on Pt(221) [above “tf ” in Fig. 2(b)].

Because it is nota priori clear that1 3 1 O-adsorption
geometries are unfavorable on vicinal surfaces, e
though they are on (111) terraces, we compare1 3 1
and2 3 1 O adsorption on Pt(211). The results are th
when O bridges step-edge atoms, its binding energ
0.48 eVyadatom higher when every other bridge site
occupied, in a2 3 1 structure, than when every bridg
site is filled. The same comparison, for fcc sites on
terrace above and adjacent to a step, yields an advan
for the lower coverage structure of 0.19 eV. The
results imply, as can be expected for an atom that b
as ionically as O does, that occupying nearest neigh
sites is unfavorable both near steps and on terra
[19]. Confirmation that step saturation corresponds
occupation of every other near-step adsorption site
evident in Fig. 1. In this representative micrograph,
O-related features at both step types have a period
of twice the Pt-Pt spacing along the steps. We there
restrict further attention to2 3 1 adsorption geometries.

The LDA results for2 3 1 O adsorption, presented i
Table I, unambiguously predict that, in an STM image
an A step, O adatoms should show up right at the s
edge, while at aB step, the O effect should appear
the upper terrace, behind the step edge,just as we see in
Fig. 1. At A steps, where the STM images show scallop
edges, the LDA results favor the edge bridge by.0.3 eV
over the near-edge fcc site [20], while we find no ene
minimum in the near-edge, hcp neighborhood. AtB steps,
where the STM images show dark dots over the up
terrace, it is the fcc hollows closest to the step tops
are preferred, by 0.22 eV relative to the edge-bridg
geometry, by 0.55 eV relative to the near-edge hcp s
by 0.38 eV relative to the midterrace fcc hollow, and
0.70 eV relative to the fcc site at the step bottom.

Apart from their apparent agreement with experime
the results in Table I are compelling because they ob
and can be interpreted via two simple, physically me
ingful rules. The rules are as follows:

(1) Bonding in fcc sites is preferred to hcp by,0.4 eV.
In saying this, we mean the concept of “fcc site”
include edge bridging at anA step, where [cf. Fig. 2(a)
there is no Pt atom directly below the O adatom on
lower terrace in front of the step. Similarly, the idea
hcp binding is extended to edge bridging at aB step [i.e.,
binding at “eb” in Fig. 2(b)], where there is a Pt atom o
the lower terrace in front of the step, below the ad-O.

(2) An O adatom gains binding energy in rou
proportion to the number of its nearest neighbors that
step-edge atoms. The gain is,0.25 eV if the O atom has
only one step-edge neighbor, it is,0.4 eV if the O atom’s
nearest neighbors are one terrace and two step-edge a
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TABLE I. LDA binding energies, EB seVd, and distances to nearest neighbors, computed fors2 3 1d
superlattices ofO adatoms in various sites [cf. Figs. 2(a) and 2(b)], on various slabs whose surfaces are vic
Pt(111). The LDA reference energy for isolatedO includes a spin-polarization contribution of 0.69 eV. Bindin
energies in the “estimatedEB seVd” column follow from the two rules given in the main text, starting from th
LDA value of 5.28 eV for thetf site on Pt(221).

Site Vicinal Figure; Step Dist.’s (in Å) to LDA Estimated
description surface label type near neighbors EB seVd EB seVd

Edge bridge (211) 2(a); A 1.90, 1.90 5.85 5.88
filled dots

Near-edge fcc (211) 2(a);ef A 2.02, 2.00, 2.00 5.51 5.53
Near-edge hcp (211) 2(a);eh A — a 5.28
Edge-bridge (322) A 1.90, 1.90 5.87 5.88
Near-edge fcc (322) A 2.03, 2.01, 2.01 5.57 5.53
Step-bottom fcc (322) A 2.00,b 2.00,b 1.98 5.10 — c

Edge bridge (221) 2(b);eb B 1.90, 1.90 5.44 5.48
Midterrace fcc (221) 2(b);tf B 2.00, 2.00, 2.00 5.28 5.28
Midterrace hcp (221) 2(b);th B 1.99, 2.01, 2.01 4.90 4.88
Near-edge fcc (221) 2(b); B 1.99, 1.99, 2.03 5.66 5.68

filled dots
Near-edge hcp (221) 2(b);eh B 2.00, 2.02, 2.02 5.11 5.13
Step-bottom fcc (221) 2(b);bf B 1.99,d 1.99,d 2.04 4.96 — c

aNo local minimum could be found in this vicinity.
bDistances to adjacent step-bottom atoms; nearest step-edge atoms are 2.90 Å away.
cSee Ref. [21].
dDistances to nearby bottom-terrace atoms; nearest step-edge atoms are 3.17 Å away.
e

sa
t
a
o

to
t
m

ti

g

r
e
a
f

a
c
w

B
fo
),

O

f
g

ing
and

ld,
two
in of
dge
in

O-
er
ur

e

hcp
23].
p
ts.

eps
O-

d

it in
al
se

the
and it is ,0.6 eV if the ad-O hangs off the step edg
coordinated only to two step-edge Pt atoms [21].

Rule (1) represents the needs of the O adatoms; it
that they prefer fcc binding sites on vicinal surfaces, jus
they do on Pt(111) [8]. Rule (2) represents the domin
demand of the substrate, that its least-coordinated at
be passivated first [6,7]. Step-edge atoms, on bothA and
B steps, have 7 neighbors, compared to 9 for terrace a
and 10 or 11 for step-bottom atoms [22]. Thus, the to
energy of the system is lowered most when O adato
abate the edge Pt atoms need for neighbors. In addi
per-edge-atom passivation is better when adatoms areonly
bonded to step-edge neighbors or when the passivatin
atom has only one edge neighbor.

These rules yield simple interpretations of the structu
seen in Fig. 1: (I) AtA steps, the edge bridge is preferr
to the adjacent threefold, overterrace site [above the l
“eh” in Fig. 2(a)], which also allows for passivation o
two step-edge Pt atoms, because aneh site is an hcp
hollow. Its occupation, according to rule (1), incurs
energetic penalty of 0.4 eV relative to binding in an fc
like site. The edge-bridging site is a quasi-fcc hollo
It is not a threefold site, of course, since there is
step present and a Pt neighbor is thus missing.
as the 0.43 eV difference in the binding energies
edge bridging atA- andB-type steps shows (cf. Table I
removing rows of atoms to create a step does little
affect the fcc-hcp structural energy difference [23].

There is a fcc hollow at an A step that allows an
adatom to have one Pt edge neighbor [labeled “ef” in
Fig. 2(a)]. But it only provides the,0.25 eV advantage o
passivatingonestep edge Pt, plus the fcc hollow advanta
,
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of 0.4 eV. In the edge-bridging site, the O passivatestwo
edge neighbors and is in a quasi-fcc site. The extra bind
accrued by passivating two edge Pt atoms is decisive
makes the edge-bridging site optimal.

(II) At B steps, an O adatom prefers the threefo
overterrace site because it is an fcc hollow, adjacent to
step-edge Pt atoms, accruing a passivation energy ga
0.4 eV. This 0.2 eV better than the quasi-hcp edge bri
[“ eb” in Fig. 2(b)], where a 0.6 eV passivation-energy ga
is counteracted by a,0.4 eV hcp penalty.

The remarkable correspondence between predicted
binding preferences and STM images invites furth
study of O adsorption on Pt. (1) For example, o
large computed energy differences,amounting to as
much as 0.4 eV for structures that differ only in th
locations of second neighbor atoms,suggest OyPt(111)
as a venue for determining the (elusive) source of fcc-
binding energy differences on close-packed terraces [
(2) Twofold vs threefold O coordination at the two ste
types could be confirmed via vibration measuremen
(3) Success in describing O at monatomic-height st
suggests continuing by exploring the energetics of the
induced step-doubling transition [3].

(4) Finally, to extract full value from Fig. 1, we shoul
learn why our dark spots are dark, how far behind theB-
step edges they should be, and also where the O’s s
the scalloped,A-edge images. We have performed loc
density of states (LDOS) calculations for this purpo
[24], finding relative minima of the Fermi-level LDOS
above threefold bonded O adatoms atB steps; this
supports the idea that the dark spots in Fig. 1 mark
ad-O locations. In surprising contrast, LDOSmaxima,not
2259
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FIG. 2. Schematics of an O-saturatedA step (a) and aB step
(b). In each case, the O atoms (filled circles) and the Pt ato
(open circles) are located in their optimal binding sites. T
site labels in the two panels correspond to the same label
Table I.

minima, lie above O’s adsorbed atA steps. Thus, in the
scalloped,A-step images, the bright protuberances, n
the dark indentations, mark the adatom sites. Apparen
more ionic bonding at edge bridges is mediated by par
occupation of high-lying Op states. This gives rise to
LDOS maxima which are absent when O binds mo
covalently, as it does on terraces.
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