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Interpretation of O binding-site preferences on close-packed group-VIIl metal surfaces
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Screening of O atoms adsorbed on transition metals is accomplished in pdelégtron redistribution in
near-surface, inter-metal-layer bonds. First-principles calculations imply that this is the source of O’s prefer-
ences for fcc adsorption sites or{Pt1) and hcp hollows on R000Y). In both instances, O prefers the site for
which screening weakens interlayer bonds the least. Which site this is depends on whettestales
repopulated by screening are nonbonding or antibond®@163-18288)07048-9

[. INTRODUCTION the results in light of the bonding character of thhestates
near the Fermi level.

Tools that provide insight into the forces underlying sur- The plots reveal that screening either adds to or dimin-
face structure are needed to derive full value from our inishesd-electron charge between an ad-O's first- and second-
creasing ability to measure and, computationally, to predictayer metal neighbors, depending on their relative positions.
adsorption geometries. | argue here by example that the geffhe corresponding effect on bond length and strength is sub-
eral correlation between bond strength and bond length i_gtantial if thed states that are filled or e_mptied are an_til_)onq-
such a tool. Completing a discussion begun in an earlief?d in nature. When they are nonbonding, however, it is vir-
paper! | show that calculated bond lengths point to a con-tually nil, and this difference is enough to explain why O

sistent, novel interpretation of O-atom site preferences O'Qrefers differ.ent sites on ROOOJ) and Pt.lll)'
both P111) (Ref. 2 and R0007).2 The remainder of this note is organized as follows. Sec-

At low coverages, on close-packed group-VII| transition- 10N 11 is devoted to details of the electronic-structure calcu-

. lations that underlie the argument. In Sec. I, | show that
metal surfaces, chalcogen atoms generally adsorb in th

. ) . Yhe computed adsorption geometries are in satisfactory
4

threefo!d hOHOW.S t.hat_contmue the Iafm(me Table)” This agreement with experiment. | discuss the systematics of

regularity, one is inclined to guess, is favored by a prepong,e - caicylated bond lengths versus adsorption site in

derance of unsaturated valence, or of surface “frontiergg |v/. Finally in Sec. V, | explain hovd-band filling

. 1 5,6 ; . . . . . . | ) :
orbitals in lattice-continuation sites, i.e., in fcc hollows g 0ws one to extend the screening-based mterpreﬂabbn

But this heuristic assumption is contradicted by first-ry0002).

principles, density-functional theoryDFT) based structure
calculations. Specificallysee Table Ij, although O’s prefer-
ence for the lattice-continuation site is several tenths of an
eV, for both metal$, calculated O-Pt bond lengths for fcc  The results presented below were obtained using the effi-
and hcp binding sites on Pt(111) differ by onh0.5%, and  cient and accurateb initio total-energy and molecular-
the same is true on Ru(0001) dynamics package, ASP (Vienna Ab initio simulation
This surprising outcome points to a source of O's sitepackage'®~*? VASP is particularly well-suited for systems
preferences other than bonding to frontier orbitals. If, forinvolving “strong pseudopotential atoms,” such as O,
example, the 0.44 eV preference or{1Rtl) were the result Pt, and Ru, because its optimized, ultrasoft pseudopotential
of Pt bonds dangling preferentially into fcc hollows, then onedatabase assures absolute convergence of total energies
would certainly expect the O-Pt bond length at these sites t&0 ~10 meV, with a plane-wave basis-set cutoff of only 29
be substantially shorter than in the hcp bonding geometryRY.
But it is not. In the spin-averaged, scalar-relativistic calculations re-
Structurally, the leading difference between fcc and hcp
sites is the registry of first and second metal-atom |ayers TABLE I. Summary of observed ChalCOgen site pl’eferences on
below the adatom. This suggests distinguishing sites accor@oup-Vill metals’ close-packed surfaces after Ref. 4.
ing to how effectively the complex formed by an adatom and

Il. DETAILS OF THE CALCULATIONS

its three nearest neighbors binds to the remainder of thédatom Metal Surface type Preferred site
metal substrat®and learning the answer by examining com- 0 Ni, Rh, Ir, Pt fc€11) fcc
puted or measured metal-metal bond lengths. In what fols Pd fc€11D) fcc
lows, | therefore compare the bonds between an ad-O’s firge Ni fcd111) fcc
and second metal-layer neighbors. | examine charge-density Ru hcg0001) hcp

contour plots and corresponding bond lengths, and interpret
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TABLE Il. Computed per-atom binding energy differences and  TABLE IV. Effect of a p(2X2)-0 adlayer on interlayer Pt-Pt
O-metal bond lengths fop(2x2)-O overlayers on RL11) and  distances. R,. and R,y are distances between Pt atoms as indi-

Ru(0001). cated in the schematic of Fig. RSY is the distance between nearest
Pt atoms in layers 1 and 2 alean Pt(111). For each O adatom
System ABE (fcc-hcp Ro.u (fco) Ro-m (hcp there are threb-c bonds and sipb-d bonds.
O/Pt(LDA) 0.44 eV 2.02 A 2.03 A O site Method Ry /RED Ryq/RED
O/Ru (LDA) —0.61 eV 2.00 A 1.99 A
O/Ru (GGA) —0.57 eV 2.03 A 2.02 A hcp LDA 1.027 1.008
fcc LDA 0.973 1.024
fcc LEED? 0.974+0.02 1.0130.02

ported here, | model semi-infinite crystals as seven-layet
slabs, fixing the lower three slab layers in their bulk atomic’Reference 2.
arrangement, and allowing the upper four to relax in
the presence of O. Exchange and correlat@) effects are than~1%, | normalize the O-metal distances in Table Il to
represented either in the local-density approximdtionthe nearest-neighbor spacing in the corresponding bulk
(LDA), by the Ceperley-Alder XC potentidt,or, for com- metal. In Tables IV and V, for the sake of the argument
parison with the LDA in the case of O/Ru, using the Perdewresented below, | compare dimensionless ratios of dis-
Wang '91 generalized gradient approximati@®GA).** tances, for which such normalization is unnecessary.

| fix the lattice parameter for each slab via DFT optimi-  Tables IlI-V confirm, within experimental error bat,
zation of the corresponding bulk metall sample the irre- that the DFT calculations accoumjuantitatively for the
ducible part of the surface Brillouin zones of(2  geometries  of  the p(2X2)-O/Pt(111) and
X 2)-0/Pt(111) anh(2x 2)-O/Ru(0001) slabs with seven P(2x2)-O/Ru(0001) adsorption systerffsThus, the details
equally spacet vectors. To accelerate electronic relaxation,of the density-functional resultaustembody an explanation
| adopt the Fermi-level smearing approach of Methfessel an@f why O atoms’ site preference differs for the two different
Paxton®® using a Gaussian width of 0.2 eV. In all cases | metals. The only question is, which details?
optimize geometries until forces on unconstrained atoms are

smaller than 0.03 eV/A. IV. hep VERSUS fcc ADSORPTION GEOMETRIES

As noted in Sec. |, the remarkable feature of the geom-
etries computed forp(2x2)-O/Pt(111) and p(2X2)
-O/Ru(0001) is that despite substantial site-preference ener-

Before attempting to use interatom distances as an integies, the O-metal bond length is site-independent-@5%
pretive tool, it is important to check that DFT calculations in both casescf. Table I). The “message” of this result is
give a reasonable account of O adsorption geometries meglear: since stronger bonds are generally shorter, and weaker
sured on Rt.11) and R000D. On Pt111), O saturates ina ones generally longerD-metal bonds are not the main
3 ML, p(2%2) overlaye? On RY0001), both 2 ML p(2 source of the large site-preference energies on either sur-
X 2) and3 ML p(2x1) structures can be prepared by O face
depositior!” of which only the former is discussed here. ~What is, then? As initially proposed in Ref. 1, a reason-
The most basic consistency check is to see that DFT predic&ble idea is that the bonds between each O adatom’s first-
correct binding sites. Table Il shows that it does, but also tha&nd second-neighbor metal atoms determine the preferences.
the site-preference energies are large compared to what ofde logic is simple: to leading order it is precisely the dif-
might expect for an effect controlled by the O adatoms’ secferent orientations of these bonds that differentiate fcc from
ond neighborg? hcp binding sites.

Given that DFT predicts site preferences correctly, | now Referring to the labeling scheme of the schematics in
compare computed bond lengtteee Tables lll-Yto cor-  Figs. 1 and 2, consider the results presented in Tables IV and
responding results from LEED analy€i&In order to make V. In both the hcp and fcc binding configurations, an O
the comparison sensibly, given that neither the LDA nor the

GGA generally predicts absolute lattice parameters to better TABLE V. Effect of ap(2x2)-O adlayer on interlayer Ru-Ru
distancesR,. andR,4 are distances between Ru atoms as indicated
TABLE Ill. Comparison of experimental and calculated O- in the schematic of Fig. Rilzn is the distance between nearest Ru
metal bond lengthsRo., for p(2x2)-O overlayers on R111) atoms in layers 1 and 2 afeanRu(000)). For each O adatom there
and R0001), in each case normalized to the nearest-neighbor disare threeb-c bonds and sib-d bonds.

tance in the bulk metaR,(Ru, GGA=2.663 A.

IIl. CALCULATED VERSUS EXPERIMENTAL
ADSORPTION GEOMETRIES

O site Method Ryc/REH Rpa/R$Y
: expt, Xpt. calc.;pcalc.
System Site RoW/Rn” Row/Ran hcp LEED? 1.05+0.03 0.99-0.03
O/Pt(LDA) fcc 0.728:0.02 0.735 hcp LDA 1.051 1.000
O/Ru (LDA) hep 0.766:0.02 0.766 hcp GGA 1.050 0.998
O/Ru (GGA) hcp 0.766:0.02 0.759 fcc LDA 1.006 1.031
fec GGA 1.004 1.030

%Reference 2.
bRreference 3. 8Reference 3.
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Table V shows why the site preference is different on
Ru(0001). On this surface, if the O atoms are in fcc hollows,
though theb-d bonds are expanded by an amo(®t1% in
LDA) comparable to their expansion for O on(Fitl)
(2.4%, the b-c bond lengths now hardly change at.alhus
whereas the fcc adsorption geometry is favorable for O/
Pt(111) becauseb-c bond strengthening compensates for
_ b-d bond weakening, in the case of ®001) there is no
[1100] compensation. The si-d bonds associated with each ad-O

I weaken, and that is all.
[1120] If O resides in an hcp site on RA00Y), a similar effect
occurs. Now, however, only the thréec bonds expand as a

FIG. 1. Schematic top view of the fcc bonding geometry. result of adsorption, while the Iengths of the &ixd bonds
Squares and the labalrepresent O nuclei. Triangles and the label remain virtually the sam& Thus, although it remains to
b represent outer-layer metal nuclei. Diamonds and the labatsl ~ learnwhy the pattern of bond-length changes on Ru differs
d represent subsurface layer metal nuclei. Axis labels are for drom that on Ptl11), the results imply that the hcp site is
adsorbed on an hépo0) surface. For an f¢d11) surface, the favored on R(D001) because O adsorption in that site only
diagram would look the same but tkeandy-axis labels would be weakens three interlayer Ru-Ru bonds, while six bonds are
replaced by[101] and[121]. Primitive vectors for the X2 unit  weakened if the adsorption site is fcc.
cell run from one square to the other, and from a squake to

V. BOND CHARACTER AND O-INDUCED BOND

adatom has three nearest neighbgabeledb) in the outer- STRENGTH CHANGES

most metal layer, and each of these metal atoms forms three

bonds to atomglabeledc andd) in the second layerNote In Ref. 1, | attributed the changes that O induces in inter-
that because it is directly below atomsubsurface atornis  |ayer Pt-Pt bonds to the combined effects of screening and of
invisible in Fig. 2) In both sites, the nine bonds between thethe purely antibonding character of Pt's near-Fermi-lavel

b atoms and the next neighbors in the layer below come itbands. Screening, an electrostatic effect, is unlikely to differ
two “flavors.” There are thred-c bonds, each of which lies much at a Ru as against a Pt surface. Thus it makes sense to
in a plane normal to the surface that passes through the €ke if O’s hcp site preference on ®001) might result from
adatom. The remaining six, thed bonds, do not lie in such  Ru’s lying near the middle of thedttransition series, such

a plane. that both antibondingand nonbondingbands lie near its

Table IV shows that with O in fcc hollows on®tL1), the  Fermi level?t
b-c bonds shrink by 2.7% relative to the clean surface, while The argument for the fcc site preference o(lP1) starts
the b-d bonds expand by 2.4%. If the O is in hcp sitesfrom the idea that because an adsorbed O is somewhat nega-
instead, then both thb-c and theb-d bonds expand. The tively charged, thed hole on each of its nearest neighbors
implication is that in the fcc geometry, weakening of thel will orient along its bond to the &.As anticipated, Fig. 3
bonds is compensated for by strengthening oflthe inter-  shows that this effect is also operative for O adsorption on
action. This makes fcc adsorption favorable oflP1) com-  Ru. The interesting question, then, is how pushéhglec-
pared to the hcp configuration, in which O adsorption weakirons away from the @3 bonds affects the strength of the
ens both théb-c and theb-d bonds. b-c andb-d bonds.

In the Pt case the consequence of the population changes

[1100] is clear, because the bands involved in screening, those that

lie near the Fermi level, are antibonding. Bonds that ldse
— electrons must increase in strength and shorten, while those
[1120] that gaind charge weaken and lengthen. This statement ac-
counts entirely for the results summarized in Table IV. Spe-
cifically, in fcc-hollow adsorption on Pt11), theb-c bonds
losed charge[see Fig. 8), Ref. 1] and shorten. At the same
time, theb-d bonds in the fcc case and thec and b-d
bonds for hcp O adsorption on(P11) acquire charge and
lengthen.

The “volcano curve” of cohesive energy versud-$and
filling, %2 reproduced in Fig. 4, offers the key perspective on
what makes Ru different from Pt. Cohesion peaks in the
middle of the 4 series where all bonding states are full and
nonbonding bands are partially occupied. Beyond the peak,

FIG. 2. Schematic top view of the hcp bonding geometry.
Squares and the labalrepresent O nuclei. Triangles and the label

b represent outer-layer metal nuclei. Diamonds and the kdbep- . .
resent subsurface layer metal nuclei. The subsurface atpdi; and Qpproachlng the n_oble-_m_et(fil side of the ad, or 5d
rectly beneath the O, is not visible in this view. Axis labels are for transition series, cohesion diminishes once nonbonding states

O adsorbed on an hapo0) surface. For an fdd11) surface, the are filled and antibonding states begin to be occupied. Be-
diagram would look the same but theandy-axis labels would be ~ cause Pt, like Pd, lies in column 10 of the Periodic Table, the

replaced by 101] and[121]. bands at its Fermi level are purely antibonding. ®f Fig.
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3R FIG. 4. LDA (circles vs experimentalcrosses cohesive ener-
2 gies for the 4 metals(after Ref. 22.
1 § i
012345678 91011121314151617181920 4) sits just to the right of the peak in thed4solcano curve.
(a) Distance along [1100] (bohr) Accordingly, the bands near Ru’s Fermi surface are of non-
bonding as well as antibonding character.
Charge density for fcc-0(2x2)/Ru(0001) That nonbonding states lie near the Ru Fermi level makes

it easy to explain how thé-c bond lengths in fcc-site O
adsorption and thé-d bond lengths in hcp site adsorption
can be unchanged relative to the cleari®01) surface. The
reason is that nonbondirgjelectrons are what are removed
from or added to these bonds, as the O adatoms are screened.
On the other hand, thie-d bonds in fcc adsorption and the
b-c bonds in the hcp case lengthen because they acquire
antibonding rather than nonbonding charge.

g

VI. THE FUTURE

Distance along [0001] (bohr)

The ideas presented here may be useful in extending our
understanding of adsorbate site preferences beyond the case
of O on group-VIll metals. Recent theoretical progress, as
.. well as intense interest in controlled epitaxial growth, point
] to metal-on-metaladsorption as a timely example. The
314151617181920 present explanation of O site preferences orf0RQ1) and
Pt(111 provides a physical sense of how band filling affects
the adsorption of electronegative species. Recent calculations
by Papadiaet al.?* based on tight-binding theory, suggest
that band filling is also the key to understanding the site

FIG. 3. Contours of constant charge density, for preferences of metal adatoms and ad-islands on transition-
0(2x2)/Ru(0001), in a (11D) plane. PanelA): O adatoms, like metal substrates. Fleshing out the results of Ref. 21 with
that labeleda, lie directly above a subsurface layer Ru, labeledfirst-principles calculations of charge redistributions, orbital

¢. Thus,ais in an hcp hollow site. PanéB): The O adatom, occupations, and adsorbate-induced surface buckling would
labeleda, is now in the fcc hollow. In both panels, the atom labeled he of considerable interest.

b, in the outermost Ru layer, is one af three nearest neighbors,
and the charge density changes by the factof?1Metween
successive contours. The contours labeled “251" correspond to
251x 10 3 electrons/bott They enclose a white region about

each Ru nucleus, where the valence charge density, mdinly 0-12 o )
electron Charge, is maximal. Notice ’[ha’[l in par(ﬂ)l the VASFi “~“was deve|0ped at the |nStItUthU_hEOI’etISChe

“251" contour about atortb bulges along the bond between atoms Physik of the Technische Universita/ien. This work was

b andc. In panel(B), the d charge on atonb, again repelled by ~supported by the U.S. Department of Energy under Contract
the O nucleus, now bulges in a plane transverse tdotiebond.  No. DE-AC04-94AL85000. Sandia is a multiprogram labo-
Both panels correspond to LDA calculations usimgesT (see Ref.  ratory operated by Sandia Corporation, a Lockheed Martin
18). Company, for the U.S. Department of Energy.

Sy,
0 o),

01234 56 7 8 9101112
(b) Distance along [1100] (bohr)
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area=2.71 A andc/a=1.579 for Ru anca=3.92 A for Pt.
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