PHYSICAL REVIEW B, VOLUME 65, 075407

Oxygen adsorption on Ad111): A density-functional theory investigation

Wei-Xue Li! Catherine Stampft? and Matthias Schefflér
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin-Dahlem, Germany
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208-3112
(Received 13 August 2001; published 16 January 2002

The oxygen/silver system exhibits unique catalytic behavior for several large-scale oxigattpartial
oxidation industrial processes. In spite of its importance, very little is known on the microscopic level
concerning the atomic geometry and chemical nature of the various O species that form. Using density-
functional theory within the generalized gradient approximation, the interaction between atomic oxygen and
the Ag(11]) surface is investigated. We consider, for a wide range of coverages, on-surface adsorption as well
as surface-substitutional adsorption. The on-surface fcc-hollow site is energetically preferred for the whole
coverage range considered. A significant repulsive interaction between adatoms is identified, and on-surface
adsorption becomes energetically unstable for coverages greater than about 0.5 mdhtlayeith respect
to gas-phase £© The notable repulsion even at these lower coverages causes O to adsorb in subsurface sites for
coverages greater than about 0.25 ML. The O-Ag interaction results in the formation of bonding and antibond-
ing states between Agtdand O 2 orbitals where the antibonding states are largelgupied explaining the
found relatively weak adsorption energy. Surface-substitutional adsorption initially exhibits a repulsive inter-
action between O atoms, but for higher coverages switchatiractive towards a (/3% \3)R30° structure.
Scanning tunneling microscopy simulations for this latter structure show good agreement with those obtained
from experiment after high-temperature and highgas-pressure treatments. We also discuss the effect of
strain and the found marked dependence of the adsorption energy on it, which is different for different kinds of
sites.
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[. INTRODUCTION tify a p(4x4) oxygen structure on Ad@11) by low-energy
electron diffractionLEED), which forms for pressures in the
Silver is a uniquely effective catalyst for ethylene epoxi- range from about 0.1 up to 100 Pa and at room temperatures
dation and partial oxidation of methanol to formaldehyde;up to ~500 K. It was speculated that the structure corre-
the technological importance of these reactions has stimusponded to an Ag(111) plane, involving a layer of oxygen
lated huge efforts in an attempt to understand the interactioAtoms between two planes of silver atoms. More detailed
of oxygen with silver, which is generally accepted to play ainvestigations ~ were  subsequently — performed by
crucial role in its catalytic activity. Nevertheless, there are Campbell:>!* who found with dosing of @ at 490 K that
still many fundamental issues that are unclear and in debat@tomic oxygen exists in islands with local coverage
for example, the role of atomic and molecular oxygen in the=0.41 which displayed a similgs(4X4) LEED pattern. It
reaction of ethylene epoxidation and the various atomic oxywas proposed that the structure consisted of an Ag layer sur-
gen species in the partial oxidation of methanol, i@; rounded by two oxygen layers. Baed al'® obtained the
surface, subsurface and bulk-dissol’edPart of the reason p(4x4) structure in UHV using moderate dosing pressures
for this lack of understanding is that these reactions and thef NO,; here the absolute coverage of oxygen was estimated
formation of the different oxygen species take place undeto be 0.51 monolayefML). In this case a trilayer structure
high-temperature and -pressure conditions. Furthermore, theas proposed, like that of Campbell, but with an additional
relative stability of the various oxygen species depends of.14 ML of oxygen below it. Recent, high-resolution scan-
the experimental conditions and they can be present simultasing tunneling microscop¥STM) images of thep(4x4)
neously depending on the temperature and pre$stines, structuré* show that the oxidelike layer is in registry with
characterization on an atomic level is more difficult com-the underlying Ag111) lattice!*!® The favored structure in
pared to the well-controlled conditions of the surface scienc¢his work is similar to the one proposed by Campbell, but
approach of ultrahigh-vacuurflUHV) conditions and the with one silver atom in the center of the hexagonal silver
well-developed surface characterization techniques. In theng removed. To date, the detailed atomic geometry of the
present paper we focus on the interaction of atomic oxygem(4x4) structure still has not been determined unambigu-
with the (111) surface and begin with a brief review of re- ously. Also, from STM studi€sS at a coverage of 0.05
ported structures and behavior. +0.02 ML of oxygen, created after a 60-L (1L
Experimental studies on the O/fid.1) system are some- =10 ° Torrsec) dose of N@at 470 K, it was proposed that
what difficult due to the low sticking coefficient of about O is locatedunder the first Ag111) layer. Adsorption of
107 for dissociative adsorption of oxygen, as compared tanolecular oxygen has also been observed on thel 2y
10~ for the case of A¢L10), thus requiring high-pressure surface, which is reported to desorb~a215 K1°
dosing in UHV(Refs. 9—12 or the use of a highly oxidative At atmospheric pressures and ahigh temperatures
molecule such as NO" Rovidaet al® were the first to iden-  (around 800-900 K'81®-2lj e under technical methanol-
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selective oxidation conditions, it has been proposed that thag(111) [i.e., (4x4) and+/3] have not yet been identified
interaction between silver and oxygen leads to the formatiomnambiguously, a direct comparison between theory and ex-
of three species of atomic oxygen: namely, on-surface oxyperiment is not possible. The aim of present pgpeand the
gen (Q,), “surface-embedded” oxygen (§, and bulk- one to follow(ll) (Ref. 37 is to examine the interaction of
dissolved oxygen (§). Formation of Q is an activated pro- ~atomic oxygen and the A@11) surface for various oxygen
cess and accompanied by a significant restructuring of thadsorption geometries using density-functional theory. In the
surface, which consists of islands with(&L1) orientation, former, we investigate on-surface and surface-substitutional
irrespectiveof the initial crystal orientation. In particular, as @dsorption, which also provides a firm basis and reference
characterized by reflection electron microscdREM), re- for our se_cond papéf,where we investigate subsurface oxy-
flection high-energy electron diffractiRHEED), and STM ~ 9€N Species and surface-oxide-like structures. ,
studies'® this surface exhibits a superstructure given in ma- The paper 1S org_an_|zed as follows. In Sec. .” we give
trix notation as (261,— 1x 26), and gives rise to a moire details of the first-principles total energy calculations, which

. . is followed in Sec. lll by our results for bulk Ag, the clean
pattern. Alateral expansion of 3% in both {40 and[112] Ag(111) surface, and tlee Omolecule. The resglts for on-

directions, as well as a rotation of the lattice vectors by abou;urface adsorption as a function of coverage is presented in

2°, was |F1ent|f|ed. Furthermorg, the_ diffraction pa?[temSec. IV, where the energetics, atomic structure, and elec-
showed third-order spots reflecting 33X y3)R30° unit  onic properties are analyzed. In Sec. V we discuss surface-
mesh(hereafter denoted ag3). The V3 periodicity was fur-  substitutional adsorption and in Sec. VI calculated scanning
ther confirmed by subsequent STM and x-ray diffractionyynneling microscopy images for varioy structures are
(XRD) studies, where it was proposed that thfipecies i compared with experiment. The effect of strain is discussed
this phase occupies a surface-substitutional Eité,/ is re- in Sec. VIl and the conclusion is given in Sec. VIII. Conver-
ported to desorb at high temperaturés~900 K) and to  gence tests are presented in the Appendix.
“interact most strongly” with the silver atoms, but isot,
however, thought to be oxidized to the binary oxide,@¢
which is reported to benstableunder the formation condi-
tions of Q,. This oxygen species is argued to be responsible The density-functional theor§DFT) total energy calcula-
for the direct dehydrogenation of methan6f? tions are performed using the pseudopotential plane-wave
Various structural models have been proposed fpn@h method® within the generalized gradient approximation
a+/3 symmetry: It was initially suggested that, @ located (GGA) for the exchange correlation functiond’® The
in the subsurface octahedral site under the first1Ad) pseudopotentials are generated by the scheme of Troullier
layer?® this was based mainly on geometrical arguments irand Martins with the same functioffaf?as used in the total
that the octahedral “hole” is larger than that of the subsur-energy calculations so that the treatment is consigtese
face tetrahedral sites. Later the same group proposed that ®ef. 43. The cutoff radii arers=r,=ry= 1.4 bohr for oxy-
should be on the surface due to its_high reactivity to methagen andrs=ry=2.42 bohrs and,=2.62 bohrs for silver,
nol in the dehydrogenation reactibhOn the basis of the where for oxygen thel component acts as the local potential
STM studies subsequently performed, as mentioned above,and for silver thes component acts as the local potential in
surface-substitutional site was suggested. A later study usingrder to remove a ghost stdteThe wave functions are ex-
ion scattering further supported the proposal thati©sur-  panded in plane waves with an energy cutoff of 50 Ry and
face located, but the atomic geometry proposed was a bilayéhe surface is modeled by a five-layer slab separated by 15 A
structure involving one silver and one oxygen layérlater ~ of vacuum space. Oxygen is placed on one side of the slab
work suggested that (s located in a subsurface tetrahedral where the induced dipole moment is taken into account by
site?* Recently it has been reported thaj €an be prepared applying a dipole correctioft. The positions of the top two
by decomposing AgN® in vacuum at 450 K(Ref. 23 (or three where statedilver layers and adsorbate are relaxed
[where AgNQ is formed by exposure of the AfjL1) surface  until the forces on the atoms are less than 0.015 eV/A. In the
to a NO/Q mixture at 330 K with pressures in the mbar (1X1) surface unit cell, 21 speciél points are used in the
rangd. To date, the atomic geometry of the elusive, so-calledsurface irreducible Brillouin zonélBZ) for the Brillouin-
O, species still has not been determined. zone integratiot® Equivalentk points to these are used for
The adsorption of oxygen on silver is also of fundamentalall of the surface structures studied for consistency, i.e., to
interest in relation to understanding the nature of themaximize the accuracy when comparing the energetics of
adsorbate-substrate bond in general and the comparison wittifferent coverages as calculated in different supercells. A
other similar system& A number of theoretical studies have Fermi function is used with a temperature broadening param-
been performed for the O/Ag system; most of these studiegter of T¥'=0.1 eV to improve the convergence, and the total
have been performed by either cluster mot&is®*or have energy is extrapolated to zero temperature. Convergence
employed empirical potentiaf$; 33 or have focused on the tests can be found in the Appendix.
dissociation of @.3*~%¢In the present work we report a sys- We have performed calculations for oxygen in the hcp-
tematic first-principles study of the coverage dependence aind fcc-hollow sites for coverages ranging from 1/9 to a full
the physical and chemical properties of oxygen adsorptiommonolayer. In particular, coverages of 0.11, 0.25, 0.33 and
on Ag(111). We note that because the detailed atomic strucd.0 ML were calculated using with (83), (2x 2), /3, and
ture of the only two reported ordered phases of oxygen orflx 1) surface unit cells, respectively. Coverages 0.50

II. CALCULATION METHOD AND DEFINITIONS
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and 0.75 ML were calculated in the ¥2) surface unit cell  spectively. In this case, to obtain tlaglsorption energywe
containing two and three oxygen atoms, respectively, anghould pay the energy cost for the formation of the vacancy,
coverage®=0.66 ML was calculated in the/3 unit cell  E}®,

containing two oxygen atoms. As noted above, equivalent

specialk points are used for all systems; this leads to 3, 6, 9, EY*=Ej*+ g~ Eng. (4)

15, 9, 6, and 21 points in the surface IBZ 0r=0.11, 0.25, bulk : _ _ _
0.33, 0.50, 0.66, 0.75, and 1.0 ML, respectively. For @he whereE, " is thg total energy of a silver atom in bulk. This
=0.50 ML structure, which has a (21) arrangement of O term appears since 'ghe kicked-out Ag atoms are assumed to
atoms in the (X2) surface cell, the number df points be rebound at kink sites at steps, which contribute an energy

increases due to the lower symmetry. For substitutional ao‘?cjgcal to that of a bulk Ag atorfsee Ref. 24 Here a positive

sorption with (3x3), (2x2), and y3 periodicities, the E;“~ means an endothermic process for the formation of the
above speciak points can be used when the oxygen sitsVacancy. The adsorp_tion energy for substitutional adsorption,
symmetrically in the vacancy, i.e., where threefold rotationalVith réspect to atomic oxygen, then becomes

symmetry is maintained; otherwise, if the symmetry is re- ESUbsL psubst_ pvac_ _psubsty phuk_ g 5
duced, moré points are required. For the K1) O/Ag(111) ad — =b i =~ [Eomg™ Eag 0~ Engl- (9
sites were found to be notably less favorable than the hollow

sites; the top site is 0.93 eV less favorable than the hcp site, subst wbst Lo

and when O is placed on the bridge site, it moved off this site Ead(ieg=Ead 5Ep" (6)

into the fcc-hollow site. Thus, for the lower-coverage on-

surface structures, we have studied only the two hollow site analyze the nature of bonding, it is helpful to consider

geometries. , - _ _ the so-calleddifference electron density*(r),
It is useful to define some quantities which we evaluate in
the analysis discussed below. The binding energy for oxygen n(r)=n(r)—n%r)—n°r), (7)
adsorption per oxygen atom on the surfag8"s"" is de- _ _
fined as where n(r) is the total valence electron density of the

substrate-adsorbate system, amt{r) and n°(r) are the
electron densities of the clean substrate and the free oxygen
EpTr=— N [Eomg™ (Eagt NoEo) . (1) atom, respectively, where the atomic geometry of the sub-
© strate is chosen to be that of the relaxed adsorbate system
whereNg is the number of oxygen atoms in the surface unit(but without the O aton)s This quantity then shows from
cell, and the total energy of the adsorbate-substrate systeiwhich regions of the adsorbate/substrate system the electron
the clean surface, and the free oxygen atom are representéénsity has been depleted and increased due to O adsorption
by Eoiag: Eag» andEg, respectively. The binding energy is On the surface. The total valence electron density is calcu-
the energy that a free O atom gains by adsorbing on théated as
surface; for on-surface adsorption it is also equal to what we
call the adsorption energy, and here]!"= E2"SU" |t is 3
defined such that a positive number indicates that the adsorp- n(r)= f
tion is exothermigstablg with respect to a free O atom and
a negative number indicates endotheriinstable. The ad- Wheref(e,T) is the Fermi distribution at temperatufeand
sorption energy per oxygen atom can alternatively be refere;(r) are the single-particle eigenfunctions of the Kohn-
enced to the energy which the O atom has in them@lecule ~ Sham Hamiltonian. The local density of stat€s9) is

by subtracting half the binding enercjs/g)2 of the O, mol-

°°wf(e,T>n<r,e>ole=iZE1 fe Tl eI (8

ecule, n(r.e)=2, lei(N]2ae= e, ©
1
Eggaygq):Egg-S“”—EEgz. (2)  and the state-resolved DOS, or projected DOS, is given by

Here again a positive humber indicates that the dissociative

adsorption of @ is an exothermic process, and a negative Na:; [{¢a(D]@i(N)]*8(e~€)),

value indicates that it is endothermic and that it is energeti-

cally more favorable for oxygen to be in the gas phase as Owhere ¢,,(r) is a properly chosen localized function. In the
For oxygen adsorption on the surface withacancythe  present work we use the eigenfunctions of the isolated

(10

binding energy is pseudoatoms from which the pseudopotentials were derived
for the total energy calculatioH.
Ep* —[E3— (ER+Eo)], 3 Finally, using the Helmholtz equation, we calculate the

surface dipole momeritn Debye as
where E%‘}ngt and Ey are the total energies of adsorbate-

substrate system and the clean surface with a vacancy, re- pn=(1127)AAD/O, (11
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whereA is the area in A per (1x 1) surface unit cell, and L5
A® is the work-function change in eV. The work-function is _ ®fcc
calculated as the difference between the average electrostatic € 20" Oh
L . 2 Cp
potential in the vacuum and the Fermi energy of the slab. N (")
< 25
B
Il. Ag (111) SURFACE, BULK Ag, AND THE OXYGEN g
MOLECULE 300
For bulk silver, the calculated lattice constant ag '§ 35t
=4.20 A and the bulk modulus B=0.87 Mbar as obtained A
using the Murnaghan equation of state. The corresponding 4.0 . . ‘ . .
experimental data, at room temperature, aye 4.09 A and 0.0 0.2 0.4 0.6 0.8 1.0
B=1.01 Mbar?® Thus, the DFT-GGA result slightly overes- Coverage

timates the former and, correspondingly, underestimates the
latter, similar to what has been found for other metaishe
calculated value agrees very well with previous DFT-GGA
results***°The calculated cohesive energy of fcc Ag is 2.56
eV/atom. The value reported from a full-potential linear-
muffin-tin orbital (FP-LMTO) calculation using the local
density approximatiott (LDA) is 3.37 eV/atom, and the ex-
perimental result is 2.95 eV/atoth.The GGA result thus  converged DFT-GGA calculations and similar values have
underestimates and the ITDA overestimates the coheswe eBzen obtained by, e.g., Perdaal®® (1/2Eb02:3'12 ev).
ergy. Here, both calculations have been performed withou
the spin-polarziation correction for the free Ag atom, which
is ~0.18 eV.

We performed calculations for the atomic relaxation of
the clean surface using K1), 3, (2x2), and (3<3)
periodicities. These calculations provide not only a test of th
surface relaxations with cell size, but are also used to evalu-
ate the differences electron densitie$. Eq. (7)]. We find IV. ON-SURFACE ADSORPTION
that the interlayer distances contract only modestly in all of A. Energetics
cases; namely, the first-second layer contraction is about 1% o . on-surf
and the second-third layer distance is practically the same as '€ binding energie&,™"" for oxygen on the A¢L11)
the interlayer distance in the bulk. This is in good agreemengurface in the fcc- and hcp-hollow sites, with respect to
with recent experiments using LEED which find an essen@tomicoxygen, are plotted in Fig. 1 and are given in Table I.
tially unrelaxed surface structufat T=293 K) (Ref, 53] It can be seen that the binding energy for O on(Ad)
and slight(0.5% contraction at temperature 128(Ref. 54. decreases modestly at the beginning, from coverage 0.11 to
The variation of the work function is negligible between our ) )
different surface cellg4.44—4.45 eV and is in excellent TABLE |. Calculated structural parametefisi A) for various
agreement with experimeiit.46 e\6.55 coverages® for O in the fcc-hollqw site.R; |nd|c_ates the_ bond

The total energies of isolated, free atomic oxygen and th ength between. oxygen and the first-nearest-neighbor S.'Iver atom,
oxygen molecule are calculated in a cubic cell of side length ©4¢ Is the vertical he'ght of oxygen above the topmost S"Yer layer,

. . . . andd,, andd,z are the first and second metal interlayer distances,
15 bohrs W't.h thek point .(0'25’ O.'25’. 0.25for th? Brillouin where the center of mass of the layer is used. The calculated inter-
zone sampling. The spm-polanzanon corrections to the qayerdistance for bulk is 2.43 AE2"Uis the binding energy in eV
atom and the @molecule are included where the values arey i respect to atomic oxygen. For the 0.50 and 0.75 ML structures,
—1.60 eV and-0.90 eV, respectivel{ The binding energy  there are two different O-Ag bond lengths; in the table we present
of O, is calculated to be 1Egz=3.13 eV per atom, the the average of these.

bond Iengthd0=2.31 bohrs, and the vibrational frequency

FIG. 1. Calculated binding energy of oxygen on(Atyl) in the

fce- (solid circle and hcp-(open circlg hollow sites, for various
coverages, with respect to atomic oxygen. The horizontal solid and
dashed lines represent the experimeri2ab6 eV} and theoretical
(3.13 eV) values of the @ binding energy per atom. The solid line
connecting the calculated binding energies is used to guide the eye.

betailed convergence tests for thg @olecule are given in
the Appendix. In the present work, we are interested mainly
in therelative stabilityof the various structures and we con-
sider this overbinding of ®@when drawing any conclusions
é[hat may be affected by its explicit value.

w=174 meV (1400 cm?). We note that the latter quantity COvé@¢  Ri doag  dip  dyg B

is more sensitive to the energy cutoff, and for 75 Ry and  © fcc fcc fcc fee fce hep
greater, the frequency is 188 meV (1520 ¢ (see the Ap- 0.11 218 1.04 242 242 361 3.43
pendix. The experimental values are E&=2.56 ev,d, 0.25 217 122 241 242 352 341
=2.28 bohrs, andv=196 meV (1580 cm').>’ The bond 0.33 218 128 241 240 338 327
lengthd, is slightly longer than the experimental value and  0.50 2.15 1.22 241 244 292 283
the vibrational frequencyw slightly underestimated. The 0.66 2.15 1.22 240 241 259 250
binding energy is overestimated within the GGwhich is 0.75 2.16 1.27 241 243 227 220
well known) but the overbinding is notably smaller com- 1.00 2.17 1.34 240 241 198 190

pared to the LDA result. These results are typical for well
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0.25 ML, but siginifcantly and linearly with increasing cov- 1 K
erage, which indicates that a repulsive interaction between =5 Nmo
adsorbates builds up. The fcc-hollow site is energetically fa- ©

vorable compared to the hcp-hollow site; however, the dify,here Mo is the mass of the oxygen atom akdis the

ference in the binding energy is smaless than 0.18 eV/  second derivative of the energy with respect to the height of
atom for the whole coverage range. Considering the bindingyxygen at its equilibrium position. The resulting vibrational
energy of atomic oxygen on the surface with respect to ha'&nergy is 50 meMi.e., 400 cn1t). We will come back to
the binding energy of theexperimental O, molecule, we  this result later.
can see that the calculations predict that coverages greater The interaction of O and A@1Y) is notably weaker than
than~0.5 ML are unstable. We note that an energy barriehat of O and R(D00)) (Ref. 58 and O and Ri11) (Ref.
to dissociative adsorption could exisind also to associative 59), as may be expected due to the fully occupigoand of
desorption which could keep O atoms on the surface, evengjyer. The binding energies at coverage 0.25 are 5.55 eV and
though the energy of Qin the gas phase may be lower. 522 ev for O/R0001) and O/RIf111), respectively, as
Actually, our calculations involving subsurface oxydéen compared to the value of 3.52 eV for O/A41) (all quoted
show that for on-surface coverages greater than 0.25 MLlyjith respect to atomic oxygenThis stronger binding energy
oxygen prefers to adsorb in subsurface sites and to build afpr O on RY0001) is directly reflected by the higher vibra-
oxidelike layer. tional frequency of 64 meV (509 cnl) obtained at the
From temperature-programmed desorptidiPD) mea-  same coverag® For Ru0001) and RK{111), the dissociative
surements, Campb&llestimated the binding energy of ad- adsorption of oxygen was found theoretically to be exother-
sorbed oxygen to be 0.88 &t local coverage 0.41 MLIt  mic even at the high coverage of 1 ML, which was subse-
was mentioned by Campbell that this value could includequenﬂy confirmed experimentaffy:®2 For O/Ag(111), on the
effects of bulk-dissolved, subsurface oxygen, or surface oXpther hand, we find that fo®>0.25 ML a mixed phase
idelike species. When expressed with respect to atomic oXyinyolving on-surface and subsurface oxygen is energetically
gen, the value is 3.44 eV. This value is close to our calculategyyorable as will be discussed in detail in our forthcoming
binding energy for O in the fcc-hollow site at the same cov-pypjication®” Another important difference of O/A@11) to
erage which is 3.16 eV, but closer to tHatverage binding O/RU0001) and O/RIf111) is the dependence of the binding
energy of the structure at 0.5 ML involving on-surface and energy on coverage; namely, the binding energy decreases
subsurface oxygen which is 3.27 ¢specifically one O ina  more rapidly for O/Ag, which indicates a stronger repulsion
(2X2) cellin the fcc site and one in a subsurface tetrahedrahetween adatoms. As we describe below, this is due to a
cite].3_7 ] notably larger surface dipole moment for O on(Afjl) and a
Using DFT-GGA cluster calculations, Saravareral****  more joniclike bonding, as compared to a more covalentlike
investigated oxygen adsorption on @41 using an A4y honding for O on R(D001) and O on RKL11). It is interest-
cluster. The adsorption site preference they obtained is siming to note that for adsorption of @nderthe surface(sub-
lar to ours; i.e., the fcc site is most favorable, followed by thegyrface adsorptionthis trend reverses and the adsorption is
hcp site. The adsorption energy and height of oxygen frompyore favorable at Ag11) compared to R@001) (for the
the metal surface, however, is somewhat different to our e .25 ML coverage testea7'63 The energy difference be-
sult: The adsorption energyeferred to 1/2¢) calculated by  tween the fcc and hcp sites is similar for OfAg1) as for
Saravanaret al.is 1.16 eV and the oxygen atom is 1.41 A o/Rp(111), while for O/RU000Y) this difference is larger at
away from the surface, as obtained when the Ag atom ifower coverages and only becomes small for 1 Nee
described by a nine-function minimum-basis set. Howeverref 58. Also for O on R0001), unlike on Ag111), there is
keeping the same atomic geometry, the adsorption energyn attractiveinteraction between oxygen atoms in the cover-
becomes 0.56 eV when using a doubjleasis set indicat-  age range 0.11-0.25 ML which leads to the island formation

ing some numerical uncertainties. We may compare thesgith a (2x2) structure(see, e.g., Ref. 60 and references
results to ours for the low coverage of 0.11 Mkhich pro-  therein.

vides the closest comparison to a cluster calculation since it
has the minimum influence from neighboring adsorbates
where the respective values are 1.05 eV and 1.24 A. The
effect of O coverage on the adsorption energy, which is The relaxed atomic structure of oxygen in the fcc site on
proved to be pronounced by our present work and can vanig(111) for the different coverages are listed in Table I. The
by 1.63 eV when the coverage increases from 0.11 to 1 MLadsorption of oxygen on A@1l) induces only modest
was not considered in Refs. 29 and 34. changes in the interlayer distances of the metal for the whole
We have also calculated the normal vibrational frequencyoverage range considered, for both hollow sites. In particu-
of oxygen in the fcc site for coverage 0.25 ML by freezing lar, there is an average contraction of the first interlayer spac-
the substrate geometry at the optimized equilibrium positioring of 0.9% and 0.3 % for the fcc and hcp sites, respectively.
of oxygen on A@l1l) and calculating the total energy for This reflects the weak interaction between oxygen and silver.
several different vertical displacements of O. This frozen-Also, the O-metal bond length does not change appreciably
phonon approach is appropriate due to the considerable sizss a function of coverage. It varies only from 2.15 A to 2.18
mismatch between Ag and O. To calculate the frequency, wé for the fcc-hollow site, while that for the hcp-hollow site
use the harmonic approximation varies in a similar manner, but the bond lengths are slightly

(12

B. Atomic structure
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(@) layer are smalli.e., <0.02 A) for all systems. With respect

AN to vertical rumpling in the first Ag layer, for O in the fcc-
%6@@%9 hollow site with coverages 0.11, 0.25, and 0.50, the displace-
‘\ ! 005 ments are 0.03, 0.11, and 0.06 A, while for the hcp site the

values are 0.03, 0.09, and 0.08 A, respectively. For the 1 ML
structures and the 0.33 ML and 0.66 ML structures for O in
the fcc-hollow site, no buckling is present due to the con-
straint of symmetry, and buckling for the 0.33 ML and 0.66
ML structures with O in the hcp-hollow site and for 0.75 ML
fcc- and hep-hollow site structures is negligible.

Even though our calculations show that a full ML cover-
age of O on A¢111) is unstable and subsurface O adsorption
will occur for coverages>0.25 ML, from a fundamental
point of view, it is still interesting to compare the on-surface
coverage-dependent behavior with that of Q01 and
S O/Rh(111). As mentioned above, for the O/ALL1) systems,
%@X@_ 0.09 the first interlayer spacing does not change much with cov-

AR AR erage. This is different to what has been found for

%’Z}Jé@?)— 0.05 O/RU000) (Ref. 58 and O/RIi111) (Ref. 59 where the
sy v@@/g‘)
RS 8808

contraction of the topmost interlayer distance of the clean
metal surfacelof —2.5% and—1.8%, respectivelyis re-
moved with increasing oxygen coverage, and even becomes
FIG. 2. Top view of the fcc-hollow O/AQ.11) systems for vari-  gignificantly expanded at higher coveragey 6.1% and
ous coverages: 0.1(), 0.25(b), 0.33(c), 0.50(d), 0.66(e), and 8 9oy relative to the relaxed clean surface for 1 ML of oxy-
0.75 (f) monolayers. The arrows indicate the direction of in-planegem_ This difference is attributed to the considerably weaker
displacements, and the magnitude is givenA) at the right side, binding energy of O to A@L1l). For the O/R(000]) (Ref.
respecti_vely. For the 1 ML structur@ot shown there are no in- 58) and O/RIi111) (Ref. 59 systems, the respective calcu-
plane displacements. lated bond lengths vary from 2.10 A to 2.04 A and from 2.00

. A to 1.95 A for the energetically favored hollow adsorption
larger. The metal atoms bonded to oxygen in the top Iayegite [i.e., hcp for RE000D and fec for RIf111)], when ©

exhibit small lateral and vertical displacements: For O in the ;
fcc-hollow site, at coverage 0.11, 0.25, and 0.33 ML, the 1o €as€s from 0.25 t0 1 ML. As for O/ALY), it also does

: not significantly change with coverage, but exhibits a slight
I/C;?gspf\rgor?wt?:rr?éc’mti)ggr%ee% t(())x;/geenoby?tg rSSm; \63 rzg:jal(l)yogugand systematic decrease with increasing coverage. For
respectively[see Figs. @), 2(b). and 2)]. For coverage O/RU000)) (Ref. 58 very similar trends in structural relax-

. ations to O/Aglll) have been found for all coverages,

0'66 ML.' the lateral displacement of the three silver atoms 'Swhich agree very well with experimental determinations by
radially inwards towards each other, i.e., towards the vacant

fcc site, by 0.11 A'see Fig. 26)]. For coverage 0.50 ML, the NeeD analyses. For O/Rh11) the same trend is also found

distortion is anisotropic due to the lower symmetry. The sil-at coverage 0.25 ML; however, for coverage 0.50, it exhibits
. P y ry. | he difference that the displacement of the metal atom, which
ver atoms which bond to two oxygen atoms are displace

away from the bulk-terminated positions by 0.11 A along theri;nze(Lo)l]d coordinated to O, is in the opposite direcfisae

[120] direction, while the silver atoms that are bonded to just It is interesting to note that on comparison of the differ-

one O atom move 0.08 A in the opposite direction, i.e., along, - charge densities for the various O/&) adlayer sys-
[120]. Oxygen also displaces along th&20] direction,  temg(see Fig. 4 as discussed belowith the corresponding
away from its ideal fcc-hollow site center by 0.0_5[§ee Fig. ~results for O/R(000]) (Ref. 63 [and for O/RI111) (Ref.
2(d)]. For 0.75 ML coverage, one surface silver atom is5g) at coverage 0.25 ML where comparison is posgititds
bonded to three oxygen atoms, and due to symmetry, its PQsyident that they appear exceedingly similar. In particular,
sition is laterally fixed. The three remaining silver atoms inine active role of the Adgd states are clearly seen, even
the surface unit cell are bonded to two oxygen atoms anghough the top of thel band lies well below the Fermi level.
displace radially inwards towards each other, i.e., towardsne crycial difference between these systems, which gives
the vacant fcc site, by 0.09 A. The three O atoms are disyise to the large difference in adsorption energies, is that for
placed by 0.05 A radially outwards, away from the first- o/Ry and O/Rh the antibonding O states are unoccupied,
mentioned fixed Ag atonisee Fig. 2)]. All these small \yhjle for O/Ag, due to the filled and lower-lying metal

displacements serve to allow the O atoms to get closer to thggng, they are almost fully occupied as we will see below.
surface and to form stronger bonds.

For the hcp-hollow site structures, a similar trend in re- C. Electronics properties
laxation to the fcc site is observed, but the values of dis-
placement are slightly smaller which is due to the slightly
weaker interaction between silver and oxygen for this site. We turn now to analyze the electronic properties of the
The lateral atomic displacements of Ag atoms in seeond  O/Ag(111) system, first considering the change in the work

1. Change in the work function
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5 ——————— ————————— 1.3 TABLE |Il. Calculated structural parameters for surface-
substitutional oxygen adsorption at the(Agjl) surface with differ-
4! I ® fcc 1.2 ent coverage® and symmetries@;, andC,,). R; andR, are the
Ohep bond lengths between oxygen and the first and second nearest-
1.1 neighbor silver atoms, respectivel/®, ES'*S', and ESY*'are the
S 3 E vacancy formation energy, the binding energy, and adsorption en-
Q i . ? . .
E 1.0 R ergy with respect. to atpmlc oxygen, respectivalyb is the changg
49 9 3 in the work function with respect to the clean surface. The unit of
0.9 length is A and energy is eV.
1 108 CoverageD R, R, E@®  EQSt BT AQ
0 e N Py 0.11 (C3,) 245 3.03 055 334 2.79 —-0.09
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.25 (Cs,) 228 311 044 296 252 —0.02
Coverage Coverage 0.33(Cs,) 239 305 053 316 262 —0.15

FIG. 3. Change in the calculated work functiax (left), and 0.33 (C2,) 222 261 053 3.36 282 +0.03
dipole momentu (right) as a function of coverage for O in the fcc-
(solid circle and hcp-(open circlg hollow sites.

O-0 interaction is strengthened, and the accumulated charge

function with O coverage. The results are shown in Fig. 3. 1" ©Xygen feeds back to the substrate to try and stabilize the
can be seen that the work function increases linearly wittfdsorbate-substrate system—i.e., depolarization occurs—and
coverage for both hollow sites, being slightly greater for theth® dynamic charge on the oxygen atom is notably reduced,
hep site, and no saturation value is reached. This is due to §9~ t0 0-48 electrons at 1 ML coverage, and consequently
large (inward pointing surface dipole momenti.e., the the surface dipole moment decrease=e Fig. 3 Consider-
negative end is outside the metal surfaaeising due to a N9 NOW the vertical O-Ag distance, from Table_ it can be
significant electron transfer from the substrate to the adatonf€en that for the 0.33 ML structure, the vertical distance
The large work-function increase can be expected partly duBetween O and Ag is somewhat larger; in particular, it is the
to the large difference in electronegativity between oxygeri@gest of all the structures, with the exception of the 1 ML.
and silver of 1.54% The behavior of the work-function Thus, the reason for the increase in the dipole moment for
change for O on R@001 and O/RI{111) similarly initially coverage 0.33 can be_ under;tood because the calculated
increases with coverage, but for a full monolayer coverag&harge on the O atom is practically the same as that for the
there is an indication of saturation. The electronegativity beloWer-coveraged =0.25 structure, but the vertical distance
tween oxygen and Ru is 1.24 and 1.16 for O/RI) % thus betwee_n O and Ag is noticeably larger. For comparison, the
notably larger for O/Ag. Consistent with this difference in dynamic charge for O on R000] at coverage 0.25 ML is
electronegativities is the larger values of the work-functionl-13 lectron and at 1 ML it is 0.48 electron. Thus, for O on
change for O/Ag, which is approximately twice as |argeAg(111) at the lower coverage, there is significantly more
compared to the O/RQ001) and O/RI{111) systems. electror! charg_e accumulateq on the O atom as compare_d to

From Fig. 3, we see that the change in the work functior®? RU, indicating a more ionic bond. The value for 1 ML is
at coverage 0.33 ML deviates a little from the linear behav-n€ Same on Ag and Ru, indicating that a saturation value has
ior, which results in a noticeable increase of the induced®®€n reached.

dipole moment, shown on the right side of Fig. 3. We veri- Reported experimental values of the work-function
fied that this is indeed a real effect and not, e.g., a conseshange for O/A¢L1]) are 0.55 eV, which was obtained by

quence of a flat potential energy surface which we investid0osSing with NQ under moderate pressures in UkiRef. 13
gated by calculating the total energy of O as a function ofat T=508 K with coverage 0.5%0.04 ML where the (4
distance from the surface. From these calculations we coulgt4) Structure forms. For high-temperature oxygen dosing
also determine the perpendicular vibrational frequencyinder atmospheric pressure, the increase in the work func-
which is 47 meV or 376 cmt. This is somewhat smaller tion is 0.62 eV for polycrystalline AdRef. 16 and 1 eV,
than that for coverage 0.25 ML which, as mentioned aboveUnder similar conditions, for Ad1)) (Ref. 7). The atomic

is 50 meV or 400 cm®. The origin of the increase in the geometry of these structures is clearly likely to be different
surface dipole moment for coverage 0.33 ML can be ex{rom our studied ordered O adlayers, so we cannot make a
plained as follows: With the understanding that the dipoleStraightforward comparison between theory and experiment.
moment can be viewed as being proportional to the product 1S clear, however, that only for coverages0.25 ML are

of the effective charge on the O atom and the vertical disthe calcula_ted ve_llues comparable to experiment. For mixed
tance between O and Ag, we initially consider the former. AsStructures involving on-surface and subsurface oxygen, we
a measure of the charge at the O atom, we calculate thiind that the work functhn is smaller an(_j consistent with
dynamic chargei.e., the slope of the curve obtained when experimental values as will be discussed in Ref. 37.

plotting the surface dipole moment versus vertical distance ) _

of O to the surface® At coverage 0.25 ML the value is 1.51 2. Difference electron density

electrons, and at coverage 0.33 ML it is very similar: namely, To gain more insight into the nature of the bonding, we
1.52. For a further increase of coverage, the lateral repulsivanalyze our results by means of difference of electron densi-
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FIG. 4. Total electron densityn(r) (upped and difference of the electron densityn(r) (lower), for O in the fcc-hollow site for
coverages 0.11, 0.25, 0.33, and 1.0 ML from left to right. The contour plane is [21iigdirection and is perpendicular to th&ll) surface
of the O/Ag111) system. The unit is boh? for n(r) and 102 bohr 3 for An(r).

ties and projected DOSPDOS. The difference densities erage, with respect to the Fermi energy, exhibit a slight hy-
[defined in Eq.(7)] are shown in Fig. 4 where the corre- bridization with the Ag 4 and 5sp orbitals. No peak is
sponding total valence electron densities are also sHofvn observed between the G @rbital and the lower edge of the
Eg. (8)]. Several points can be obtained: First, the perturbaAg 4d states. We point this out because such a feature has
tion of oxygen adsorption to the substrate is mainly in the
topmost silver layer, which is consistent with the small dif- 30 [ g1 ML [ 0.25ML
ference in the binding energy between the fcc- and hcp< 4.0 | i
hollow sites. Second, the electron density around the topmos® 3¢ | i /
silver atom is depleted, in particular from the Agl4,, & , ! A i /
orbitals, while there is a significant enhancement of electrong " J \ A s
density at the O atom and also a polarization. It is immedi- & Loy N / " I AASSAVIRS
ately obvious that the shape and magnitude of the difference% 2-8 I - ‘ I == =
of electron density is very similar for coverages 0.11, 0.25,% >~ [ 033ML 1.00 ML
and 0.33, indicating that the bonding nature is similar. That 49 |

ate

for coverage 1.0 appears slightly different because the C2 3.0 i

atoms bond to Ag atoms that are also bonded to other Cé’ 20t " }
atoms. Thus, Ag-mediated lateral O-O interactions develop2 Lol N’l‘\ A !
as indicated by the observed electron enhancement it ’ix_:\f\ /‘/\_/ L ANAA \
O-2py -like states. Similar O-@,, redistributions occur for 00 0 60 4D —20 00 80 —60 A0 -20 00
the 0.50 and 0.75 ML structurésot shown in which two or e—¢, (eV) e-¢, (eV)

more O atoms also share an Ag atom.
FIG. 5. Projected density of states for the O(Afl) system
with O in the fcc-hollow sites for coverag€d=0.11, 0.25, 0.33,

) o and 1.0 ML. The Ag 5 orbital is indicated by a dashed line, the Ag
The PDOS are given in Fig. 5 for t@=0.11, 0.25, 0.33, 44 orbital by a solid line, and the Op2orbital by a long-dashed
and 1.0 ML structures, where the @2Ag 5s, and Ag 4 |ine. The Fermi energy is indicated by the vertical dotted line. Stars
orbitals are shown. The Os2states(not shown which are  in the ®=0.33 ML panel indicate the states that are shown in

located from—17.15 to— 16.94 eV/(for lower to higher cov-  Fig. 6.

3. Projected density of states
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FIG. 6. Representative contour plot of the wave function of FIG. 7. Difference of the density of states for the O(Af)
(V3% \/3)R30° O/Ag111) with O in the fec-hollow site for a  system with O in the fcctsolid line) and hcp-(long-dashed ling
bonding state(left) at energy—4.78 eV and an antibonding state hollow sites for coverage® =0.25 ML. The Fermi energy is indi-
(right) at energy—1.14 eV, with respect to Fermi energy atkka  cated by the vertical dashed line.
point close to thd" point. The light and dark regions correspond to
positive and negative components of the real part of the wave func- We now turn to compare results for O in the fcc- and
tion, respectively. The smaller and large circles represent the poshcp-hollow sites in order to try and understand the fcc pref-
tion of the oxygen and silver atoms, respectively. erence. We do this for coverage 0.25. In Fig. 7 the difference

of the density of states is shoWtotal DOS of the O/A¢L11)

been found in some experimental studies, the origin of whicpyStem minus those of the clean surt_b(e‘e)r each site bond-

is under debatésee, e.g., Ref.)6 Clearly, purely on-surface N9 (@t~—6 to—4 eV) and antibonding states occur, where
adsorbed oxygen is not responsible for these features. Froth€ latter are very similar for the two sitéise., compare the
Fig. 5 it can be seen that there is a hybridization betweegnergy region from—2.5 to 2.0 eV. The bonding states,
O 2p and Ag 4d orbitals for the whole coverage range con- however, exhibit a difference in that for the fcc-hollow site,
sidered. By examining the components of these orbitals it i$hey lie slightly lower in energy. Other differences already
found that the mixing is mainly between (R, and Ag n_oted are that the work-function change is _Iarger for th_e hcp
4d,,,, components and Of2 and Ag 4y, cémponents site (cqmp'c_lre 1.31 to 1.23 eVand the vertical O-Ag dis-
for coverage 0.11, 0.25, and 0.33 ML. For coverage 1 ML [@NCe is slightly largexcompare 1.25 to 1.22 A Further-
due to the strong Ag mediation, mixing between themore, the(semlqore O 2s level is located at-17.12 eV for
0-2p, ,~Ag-4dy,,, and the O-P,~Ag-4d,,,, states oc- the fcc-hollow site, somewhat deeper than for the hcp-hollow

r nd this hybridization creat dditional features a%ite where it is at-17.02 eV.
curs, a sy ation creates a ’ For O/RH111) the fcc-hollow site is also energetically

seen in Fig. 5. This has been verified by inspection of thefavorable, and a similar correlation between the work-
spatial distribution of the state wave functions. Also it can befunction change and core level shiftere the O &) was
noticed from Fig. 5 that the Ag$states hybridize with A gphserved. However in this case, just thepposite to

4d and O D states. _ O/Ag(111), the change in the work function for O in the fcc
Considering the PDOS for the O atom, it can be seen thagjie s larger(compare 0.56 to 0.45 é\and the O & core
there are two main regions of high electron density below thgg | of the fcc site is higher in enerdiess bound, by 0.36
Fermi level. These correspond to bonding and antibondingBV) compared to the hcp site. This was argued to indicate a
states, which we verified by inspection of the spatial distri-stronger ionic bonding for the fcc sifewhich overcompen-
bution of the state wave functions. An example of such bondg e the greater electrostatic repulsion and was identified as
ing and antibonding states is shown in Fig. 6 for t#%  the reason for the fcc preference. Clearly this explanation
O/Ag(11]) structure with O in the fcc-hollow site, where it §oes not hold for O/A@L1Y). For although we indeed find
can clearly be seen that the left one is a bonding state and thgat the electron charge on the hcp O of 1.65 is larger than
right one is antibonding. The respective energy levels areihe fcc O of 1.51, which indicates that O at the hcp site is
—4.76 eV and—1.14 eV, and thé point used is near thE  more ionic in nature, the greater electrostatiipole-dipole
point as selected from our nine spedkapoint set. The hy- repulsion at the hcp site disfavors the hcp-site adsorption.
bridization between O &, and Ag 4, ,, is clearly indi-
cated. The bonding state is located at the bottom of Ag 4
band, and the antibonding state is largetcupied thus pre-
venting a strong covalent bonding which requires that the Defects like vacancies, steps, and dislocations extensively
antibonding state be unoccupied. With increasing coveragexist in realistic catalysts operating under high-temperature
it can be noticed that the DOS at the Fermi energy increaseand -pressure conditions, and can play an important role as
and further destabilizes the system in accordance with thacting as possible active sits*>¢As noted in the Intro-
decrease in binding energy. duction, the surface-substitutional sitamong others has

V. SURFACE SUBSTITUTIONAL ADSORPTION
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FIG. 8. The binding energgopen circlesand adsorption energy FIG. 9. PDOS for the surface silver atom at the vacancy edge

(solid circles for surface-substitutional oxygen adsorptidar the  with different vacancy concentratiort®.11, 0.25, 0.3 The solid
symmetrical C3,) casd with different coverages. The formation line represents the clean surface and the dotted, dashed, and dot-
energy of the vacancigsolid diamondsis given in the inset as a dashed lines denote theg/@x \3)R30°, (2x2), and (3<3) va-
function of coverage. The arrows indicate the energy gain obtainedancy structures, respectively. The Fermi energy is indicated by the
for the case of the reducedC§,) symmetry. The horizontal solid vertical dashed line.
and dashed lines represent the experimei2&l6 e\j and theoret-
ical (3.13 eV} values of half the binding energy of,Orespectively.  face vacancy of AgL11) with a /3 periodicity as 0.67 eV,
which is larger than the present result of 0.53 eV. Atomic
been proposed for the experimentally observ@dstructure.  relaxation was not taken into account in the FP-LMTO cal-
In the following we therefore investigate surface- culations. However, the energy gain associated with this re-
substitutional adsorption of oxygen for various coverages. |axation(comparing to a calculation with the truncated bulk
geometry is only 0.04 eV. Thus the difference from the FP-
A. Vacancy formation LMTO study is 0.1 eV. For a vacancy in the bulk withy3
periodicity we obtain 0.78 eV and that obtained by the FP-
LMTO method is 1.06 eV! For lower-concentration bulk
acancies the values are 0.70 and 0.80 eV foxk 23 and

As a first step, we calculate the surface vacancy formatio
energy E{*¢ according to Eq(4). The results are given in

Table Il and are plotted in the inset of Fig. 8. It can be see o . X
P ! I '9 3X3) periodicities, respectively, thus rather similar to the

that E{* weakly depends on the concentration of vacancies,\/§ it Th tor the deviation bet the t |

however, in all cases vacancy formation is endothermic Irtgsu : the rdeason I(;)rb ed eV|ta '?r? S_geent € vr\]/o cal-

which is of course expected, since otherwise the materiaft'21on methods cou e due lo the diterent exchange-
orrelation functionals used; in the FP-LMTO work it was

would be unstable or just form a new surface by creation of ; 7 .

surface vacancies. The formation energy of a vacancy i escg?;f bg tthetlr_]DRay#hereas n th_etpresent”vvork V¥e use

small for silver, as a noble metal; for example, for the (3 € A. but oIner ditterences exist as well, as, for ex-
) . ac_ ample, in the treatment of relativistic effects, and we also

% 3) cell, i.e., concentration 0.11, we obtdirf*“=0.55 eV, hat th K fth b b

At a concentration of 0.25 the value is 0.44 eV which can benOte that the FP-LMTO wor was state of the art, but maybe

: i only approximately a “full potential” for a vacancy.

compared to that of 1.70 eV for a Ru vacancy at the Th .
; e DOS of surface silver atoms at the edge of the va-
Ru(0003 surface for the same concentratiiThe qualita- cancy, as well as at the perfect surface, are given in Fig. 9.

tive difference in the vacancy formation energy betweenD : L
. ue to the decrease in coordination number frorpé&rfect
Ag(111) and R0001) can be understood in terms of a bond- surface to 8, 7, and 6 for vacancy concentrationm%.ll, 0.25

cutting modef* Here the energy contribution per atoB,is and 0.33, the DOS of the surface atoms at the edge of the

assumed to be a function of its coordinatiGne.g.,E(C) . . . :
e vacancy become sequentially narrower; i.e., this tendency is
«+/C, where a coordination of 12 corresponds to the cohe- 4 d y y

. ; . more pronounced for higher vacancy concentrations. The
sive energy. Using this, it can be found that the surface v P g y

) . . ; a(':hange is mainly due to the distortion of the Ad 4éand
cancy formation energy is proportional to 0.29 times the cos

. . : X where a sequential reduction in states at the bottom of the
hesive energd, where the cohesn_/e energy Is ConSIderablyband can be noticed. The perturbation of the atom in the
smaller for Ag(compare the expenmental V‘?"“e_s of 2.95 &Vsecond layer is smaller due to the smaller change in coordi-
and 6.74 eV for Ag and Ru, respectivilyielding rough ation number
estimates for the surface vacancy formation energies of 0.8% '
eV and 1.95 eV. These values are overestimated within this
simple model, but the trend is closely reflected.

An inward relaxation of the topmost layer is found for all ~ We consider surface-substitutional adsorption for the (3
surface vacancy structures considered, and increases with the3), (2x2), and+/3 structures, where the full;, symme-
vacancy concentration. The maximum inward relaxation igry of the vacancy is held; i.e., oxygen cannot displace in
—4.5% for the\/3 periodicity. Using the FP-LMTO method, plane[see Fig. 108)]. The associated results are given in
Polatoglouet al! calculated the formation energy of the sur- Table Il, namely, the atomic structure, binding and adsorp-

B. Energetics
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optimizing the geometry, we obtain an energetically more
stable structure, and oxygen approaches the edge of the va-
cancy. The adsorption energy increases from 2.62 eV with
full C5, symmetry to 2.82 eV, i.e., significantenergy gain
of 0.20 eV. The structure is illustrated in Fig. (bR The
oxygen atom is coordinated to four silver atoms, two in the
first metal layer(the first nearest neighbgrand two in the
second layefthe second nearest neighboré/e also intro-
duced a stacking fault to this structure as before and again
we did not obtain an energetically more favorable structure;
the adsorption energy decreases to 2.74 eV. Oxygen could
also attack the edge of the vacancy in the opposite direction,
where it is coordinated to three silver atoms, two in the first
FIG. 10. The surface-substitutional structure fory3( silver layer, and one in the second metal layer. The obtained
x J3)R30° O/AG11D) with Cs, (8 andCy, (b) symmetry. Small adsorption energy is 2.7_7 eV, thus energetlcally unfavorable
white circles represent the oxygen atoms; large pale and dark gregpmpared to the(quastourfold-qoordlnated geometry.
circles represent the surface and lower-lying metal atoms, respeiOWever, both of them are energetically more favorable than
tively. The arrows in(b) indicate the direction of the in-plane dis- the symmetrical substitution in the vacancy center with or
placements 0f0.13 A). without a stacking fault. We also tested whether a further
energy gain could be obtained by displacing the oxygen atom
) ) ) , bst away from the mirror plane, i.e., by not imposing any sym-
tion energies, and gvork-fun9t'°n change. The bmdh‘aﬁ',. » metry. This was found not to be the case and no energetically
and adsorptionE3;*, energies, as calculated according tomore favorable structure could be obtained. Further study
Egs.(3) and(5), are plotted in Fig. 8 with respect to atomic shows that oxygen occupation in the center of the vacancy is
oxygen. It can be seen that the structure with the lowesjctually at a saddle point of the potential energy surface
coverage, 0.11 ML, is most favorable. A repulsive interaction(PES, and O will move to the edge of the vacancy when not
between adsorbates occurs for the coverage range of 0.1lkestricted by symmetry. The same is true at the lower cover-
0.25, while it switches to attractive whéh varies from 0.25 age; however, the energy gain is smaller. The reason for the
to 0.33 ML. This attractive interaction indicates island for- more favorable b|nd|ng energy at the vacancy edge can be
mation with a/3 structure. On comparing the energetics in(qualitatively related to the lower coordination of the Ag
Figs. 8 and 1 it can be seen that on-surface adsorption istoms to which the O atoms bind; these atoms have a nar-
energetically favorable compared to surface-substitutionalower and higher-lyingd-band center compared to the Ag
adsorption for the coverage range of 0.11-0.33 ML. In theatoms in the second layer which are even more bulk like
following we consider additional aspects of surface-(i.e., have a higher Ag coordinatipthan the Ag atoms of the
substitutional adsorption. unreconstructed surface and have a lower-lydrAgand cen-
Recently, the structure of3 Sb/Ag111) was determined ter. With this picturgas discussed in more detail in Sec) VI
by LEED, and the results clearly favored the surface-an upshiftedor higher-lying d-band center has been corre-
substitutional site, but with a stacking fault such that all out-lated with a stronger binding compared to a lower-lying
ermost layer Sb and Ag atoms switched from occupying fcone’? In this sense the larger energy gain for t@ struc-
sites to hcp-hollow site® Previousab initio calculations  ture can be understood since the metal atoms at the edge of
had predicted that the surface-substitutional structure was efthe vacancy in this structure have the greatest narrowing of
ergetically favorable, but did not consider the possibility of athe d band as shown in Fig. 9. Similarly, the weaker binding
stacking faulf® For '3 Sb/Ci111) a similar result has been of the O atoms symmetrically in the vacancy, where they
obtained by x-ray diffraction and medium-energy ionbond to second-layer Ag atoms, can be explained since, as
scattering’®’* We therefore studied the possibility of such a mentioned above, the Ag atoms in the second layer are more
stacking fault for they3 O/Ag(111) system. First, for the bulk like, having a lower-lying and broadenedand com-
clean Ad111) surface we find that the energy cost for creat-pared to surface Ag atoms.
ing a stacking fault in the outermost layer is only 0.002 eV  Even with the found energy gain due to the effect of re-
per atom, i.e.negligible Second, we calculated the adsorp-duced symmetry, the adsorption energy with respect to;1/20
tion energy for the/3 O/Ag(111) structure with the stacking (experimenkis just 0.26 eV. This is still energetically unfa-
fault. We find that the adsorption energy is 2.60 eV, i.e.vorable compared to on-surface adsorption at the same cov-
smaller than the case without a stacking fault, but only byerage. As mentioned above, the, €pecies with a reported
0.02 eV, which is within the accuracy of our calculations. /3 periodicity has only been experimentally observed after
Another consideration is that O may prefer to adsorb offlong exposure of silver at high temperature and higlp@s-
center in the vacant Ag site. In order to test this, we releasedures where it has been proposed to result from segregation
the symmetry constraint and displaced the oxygen awayo the surface of a bulk-dissolved O species. With respect to
from the vacancy center but still held the mirror plane. Duethe influence of temperature, we note that the relatively small
to the lower symmetry, the speciklpoints are increased to formation energy of surface and bulk vacancies, together
21 in order to maintain equivalent sampling in the IBZ. After with the observation that Ag atoms become mobile at about
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750 K,'? indicates that the concentration of vacancies could

be considerable at high temperature. Moreover, we find tha U
adsorbed oxygen can give rise to a notable decrease in thj
surface vacancy formation energy: The energy cost to re->
move a non-O-bonded Ag atom from theX2) O structure

is 0.12 eV—significantly less than the 0.44 eV for the clean
surface. A similar effect has been reported for O oridR01)
(Ref. 63 and O on C(001) (Ref. 74. Oxygen adsorption at
an existing vacancyi.e., without paying the energy cost to
create the vacancy, namely, the binding engrgiglds a
value of 3.36 eV, which is thetarger than that for on-
surface adsorption at the same coverage, which is 3.29 eV Ag
that is, the bonding at the vacancy is stronger. Another con
sideration is that the configurational entropykgT In(N),
wherekg is Boltzmann constant, is the temperature, ard

the number of equivalent sites, for O in the surface-
substitutional site is larger than for on the surface: For the
surface-substitutional site, O has three equivalent positions &:
the edges of the vacancy. At=300 K this contributes )
—0.03 eV and, at 800 K;-0.08 eV to the binding energy. If
we assume that the alternative three sites at the OpPPOSithmmmmmh
vacancy edges could be occupied with a similar probability ) _
(and they are only 0.05 eV less favorabltnen this would FIG. 11. Difference of electron density*(r) [cf. Eq. (7)] for
yield six equivalent sites and a larger contribution of "€ (V3% /3)R30° OJAg11D) structure for the case of surface-

—0.05 eV and—0.12 eV at 300 K and 800 K, respectively. substitutional adsorption with the energetically favorable reduced
Thus, under higher-temperature conditions i,t could be pos(-c2“) symmetry geometry. The cross section is in (h&l) plane

sible that the surface-substitutional structure forms. through the oxygen atom. The large and smaller solid circles repre-
sent the positions of oxygen and silver atoms, respectively. The

units are 10° bohr 3.

C. Atomic structure
layer. This is in line with the relation between bond length,

bond strength, and coordination number as discussed in Ref.
24. That is, we have the formation of fewer but shoteerd
strongey bonds. In addition, the two Ag atoms in the top
layer to which the O binds move away from each other by a

The calculated atomic structure for the surface-
substitutional structures is given in Table Il. The nearest
neighbor O-Ag bond lengtRR;, which is between O atoms
and Ag atoms in thesecondmetal layer, for thesymmetric
positions (threefold coordinated are notably Ionger, t.’y large 8.4% compared to the unrelaxed value., 2.97 A to
0.11-0.27 A,_co_m_pared_tdc_c) (_)n-surface ads_orphon _Wlth let oxygen get closer between them.
the same periodicity, which indicates that the interaction be-
tween oxygen and silver is weaker in accordance with the _ _
obtained binding energie&ompare Tables | and)ll The D. Electronic properties
second nearest-neighbor Ag atoms of oxygenwhich O is The work-function change for surface-substitutional ad-
sixfold coordinateglare the silver atoms in surface layer at sorption is given in Table II. It can be seen that due to the
the edge of the vacancy. These corresponding bond lengtkgreening by surface silver atoms, there is only a miter
R, are given in Table Il as well. With the constraint of sym- creasein the work function(except for the structure with
metry, no corrugation occurs in the surface layer for the (2c2u symmetry where there is a minimal increpsehich is
X 2) and+/3 structures, while a slight rumpling of 0.02 A for very different to adsorption on the surface where it increases
the (3x3) structure occurs. Compared to the clean surfacéinearly and strongly. This small change in the work function
with a vacancy, the variation in the top two Ag interlayer can also be thought of as being due to the fact that O in the
spacings due to the presence of oxygen is very sfhall  substitutional site sits much lower in the surface Ag layer,
<0.02 A). giving rise to a smaller perpendicular component of the in-

For the case of reduce®(,) symmetry for the\3 struc-  duced surface dipole moment. In Fig. 11 the difference elec-
ture, oxygen binds preferably to the topmost metal layer, antron density for the case of reduced symmetry for the 0.33
the nearest-neighbor metal atoms are switched from the aML structure is shown. The bonding configuration is clearly
oms in the second layer to the atoms in the first layer, and thpresented by the redistribution of electron density from the
nearest-neighbor coordination number decreases from 3 to 8urface metal atoms to oxygen, and it resembles closely that
Also the bond length between oxygen and the nearesfor the on-surface adsorption, despite the different local
neighbor silver atom decreases from 2.39 A to 2.22 A, wher@tomic geometry.
the latter is close to the on-surface O-Ag bond len@H8 For symmetric surface-substitutional adsorption, the
A). The second nearest-neighbor O-Ag bond length is 2.61 #DOS exhibits a hybridization between O and Ag in the
and corresponds to the Ag atoms located in the second metsécond layer. The PDOS of the @ Drbital for the three
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FIG. 12. Projected density of statéBDOS for substitutional
oxygen showing the O orbital with symmetry C;, for ©
=0.11 (dot-dashed ling 0.25 (dashed ling and 0.33(solid line).
The result with coverage 0.33 for reduced,() symmetry(long-
dashed ling is also shown and is plotted with an upshift of the

origin on they axis. The Fermi energy is indicated by the vertical ) .
dashed line. FIG. 13. Simulated STM pictures of/8X /3)R30° O/Ag(111)

for O in the fcc-hollow sitetop left), subsurface octahedral sitep

coverages are given in Fig. 12. Thex2) structure has the right) and surface-substitutional sieottom lef), and experimental
highest PDOS at the Fermi energy which is in accordanc&eSults(bottom right (Ref. 20. The energy window ranges from
with it being energetically unfavorable compared to the (B_Z‘EV,,?EIOWAthe Fermi energy to the Fermi energy. The height of
x3) and the\/§ structures. We also dive the PDOS of thethe tip”i s 2 A away from the uppermost nuclei. The same area has

. ) 9 i been used in the figures.
O 2p orbital for the reduced@,,) symmetry with coverage
0.33 ML. It can be noticed, in comparison to the symmetric d. The heiaht of the “tio” f h lei i
case, that there is a further slight reduction in the DOS at thgrl‘i‘te : Tlazez ?g té’ rt_] e "tip ron&t € uppermgst ngcfe| IS
Fermi level, consist with the larger binding energy found.faken to and t € integrated energy winaow-1s from
Overall, the appearance of the PDOS of the @azbital for —2¢6V pelow the Fermi energy to the_ Fermi energy. In '.:'g'
the surface-substitutional structures is close to those of onkS the simulated STM pictures for O in the fcc-hollow site,
surface oxygen. From these considerations, the nature of tHEe su_bsurface octahedral site, apd the surface-substitutional
interaction between the surface-substitutional oxygen and th%'t‘:"]c with covirageIO.I_SS ML ?]re g'\g‘j‘nh We note that thhe sub-
substrate is similar to on-surface adsorption. It is the screerUrfaceé octahedral site is that which is obtained when an

ing by the surface metal atoms that gives rise to the observe@fi-surface fcc O atom moves directly downwards to reside
difference in work-function change with coverage. between the first and second Ag layers; i.e., it bonds to three

Ag atoms above it in the first layer and three below in the
second layer.
In Fig. 13, for the fcc-hollow site, the bright circle corre-
sponds to the oxygen atoms, while for the subsurface octa-
As mentioned above, based on our calculated adsorptiohedral site and the surface-substitutional site, it is the surface
energies, the surface-substitution@ structure is less favor- Silver atoms that appear bright. Despite the fact that it is
able than on-surface adsorption a|though the b|nd|ng enerngSSible that the contrast could be inverted when the inter-
is stronger. It cannot be ruled out that it may form as adction between the tip and the adsorbate-substrate system is
consequence of high_temperature and -pressure exposuies:luded?ﬁ the difference between the three adsorption sites
through the formation of defect sitdge., Ag vacancigs IS clear enough compared to the experimental one, in that the
STM measurements for thé3 phase have been reportdd ~ hexagonal symmetry of the surface-substitutional site with
we therefore considered it instructive to compare these red asymmetric “hole” agrees well with the experiments,
sults with simulations that we carry out within Tersoff- While the others do ndt™ This provides support for the
Hamann theory? In this picture the tunneling currentis  €Xistence of the/3 surface-substitutional structure. Clearly,
approximated by the local density of Sta(wos), hOWeVer, this is not sufficient evidence to be able to conclude
that this is the structure, and in this respect a detailed LEED
intensity analysis is called for. We note that the experimental

VI. SCANNING TUNNELING MICROSCOPY:
COMPARISON OF EXPERIMENT AND THEORY

|°‘Ey |@,(ro)|?de, (13 studies did not report the bias for the STM picture. We there-
fore tested energy windows of from3 to 0, —1 to 0, and
wheree, is the calculated wave function of the systemis —0.5to 0 eV, as well as the positive energy windows of from

the position of the “tip,” andw is the energy window inte- 0 to 0.5, 0 to 1.0, O to 2.0, and 0 to 3 eV. Different tip-
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substrate distances varying from d 4 A from the upper- subsurface oxygen, respectivély but it is not nearly as
most nuclei were also checked and all results exhibited qualirigh as these experimental values; also the vibrational fre-
tatively the same results. quency of O in AgO (of 66 meV or 530 cm?) is also
The vibrational frequency of so-called,(has been re- considerably lower than these reported experimental Ghes.
ported from surface-enhanced Raman spectros¢SERS
to be 100 meV (803 cm') after Ag111) was exposed to
oxygen at elevated temperatures§00 K) and atmospheric
pressuré—that is, similar conditions to those used to create |n addition to various defects at the surface of “real cata-
the surface investigated in the STM study—and indeed botlysts,” such as vacancies or steps, which affect the reactivity,
studies(STM and Ramanassigned the O-related features to there will likely be regions of strained material. Such regions
the O, species. Molecular oxygen was excluded due to theould be induced by the defects, or by adsorption of thin
high temperatures used. Also, lysitu Raman spectroscopy, films or adsorbates, thermal effects, or by atoms accumulated
Wanget al® studied the interaction between molecular oxy-inside the substrate as recently identified occurs for argon in
gen and polycrystalline silver at atmospheric pressure angu(0001).”® In this respect, experimenfiland theoreticaP
temperatures between 298 and 883 K. Raman bands at 1#rk has highlighted the effect that strain can have on reac-
meV and 99 meV956 and 800 cm') were observed and tivity, in terms of the adsorption strength of adparticles. In
both of them were assigned &domic species. This assign- particular, on tensilgexpandedl substrates the adparticles
ment was based on isotope labeling experiments where ofere found to bond more strongly and, on compresgioa-
replacement of°0, with %0, the bands shifted to 931 and tracted substrates, to bond more weakly compared to the
778 cmi 1, respectively. This shift was argued to be signifi- zero-strain situation.
cantly smaller than isotopic shifts for O-O stretching vibra-  From our results presented above, we have found that
tions of molecular oxygen species on silver; thus, the Ramann-surface and surface-substitutional adsorption exhibit a
bands were attributed to atomic oxygen species. Howevetdifferent dependence of the adsorption energy on coverage,
we note that this same isotope shift 820" cm for the  which indicates different lateral interactions between adsor-
Raman feature at 800 cm has also been used to conclude bates, i.e., repulsive for on-surface adsorption for the whole
the molecularorigin of this oxygerf, thus highlighting the coverage range considered, while for surface-substitutional
problem of its characterization. adsorption, repulsive for coverages 0.11-0.25 ML and at-
For comparison we calculated the normal vibrational fre-tractive for coverages 0.25-0.33 ML. In what follows we
quency, as well as an in-plane vibratitwith mirror symme-  investigate the effect of strain for O in several sites, namely,
try), for surface-substitutional adsorption with tk@ struc- (2x2) O/Ag(111) with O in the fcc-hollow site andy3
ture with the energetically favorable reduced symmetry usingd/Ag(111) with O in the(symmetrical surface-substitutional
the harmonic approximation. The result is 26 and 37 me\site. In these systems the lateral O interactions are repulsive
(206 and 297 cm'), respectively. This is in stark contrast to and attractive, respectively. We further study the dependence
the above-mentioned reported experimental values obn strain of O in the subsurface octahedral site with coverage
>800 cm 1. For subsurface octahedral oxygen adsorption a0.33 ML. In this structure the subsurface O-O interactions
a coverage of 0.25 ML, we calculated the normal vibrationalare at the transition point, changing from repulsive to attrac-
frequency and found it to be 46 meV (366 ch), while the tive, for increasing coveragééTensile and compressive lat-
frequency for fcc-hollow oxygen at coverage 0.25 ML is 50eral strains of+3% are applied to the adsorbate-substrate
meV (400 cm'1), as mentioned above. The deviationadf ~ systems, as well as to the clean relaxed surface in order to
of our calculated frequencies to the experimental values inextract the adsorption energy. The top three metal layers and
dicates that the species giving rise to the high values mea are relaxed for all geometries.
sured experimentally is not any of the species we have con- The results are shown in Fig. 14 and in Table . It can be
sidered here; i.e., it is not a single oxygen species located oseen that the effect of these small strains on the adsorption
the surface, in the surface-substitutional site, or in a subsuenergies is quite significant. In particular, subsurface adsorp-
face site. tion exhibits an increase of 0.30 eV for tensile strain. For
It is therefore hard to understand the proposgdmic  on-surface and subsurface oxygen, the adsorption energy in-
nature and bond modes of the above-mentioned experimentateases when a tensile strain is applied, which indicates that
results. Given that in the above two experiments, either ahe interaction between O and Ag is strengthened; namely, it
single-crystal surface or a polycrystalline material, have beers energetically favorable to occupy the fcc-hollow site and
exposed to oxygen undéigh temperatureand atmospheric  subsurface octahedral site on the Ag substrate in(éxe
pressure the substrates therefore will undergo a significantpandedl tensile state. For surface-substitutional adsorption an
reconstruction. For further comparison with experiment, suboppositedependence has been found. The adsorption energy
surface plus on-surface oxygen or even an oxidelike layedecreasesvith increasing distance between O atoms on the
could be considered. Actually, our studies, which will be (expandedl tensile substrate. Conversely, for compressive
reported in detail elsewhefé,show that depending on the strain, the adsorption energy of O in the fcc and subsurface
adsorption site, subsurface oxygen can stabilize on-surfacsites decreases and that of surface-substitutional O increases.
oxygen and vice versa. And the strengthening of this interThese trends for fcc and surface-substitutional sites are in
action does result in a higher vibrational frequef8§ meV line with the above-mentioned lateral interactions; i.e., under
(455 cm 1) and 65 meV (526 cm') for on-surface and tensile strain the O atoms are farther apart which results in an

VII. EFFECT OF STRAIN

075407-14



OXYGEN ADSORPTION ON Ag@111): A DENSITY- ... PHYSICAL REVIEW B 65 075407

-0.2 " y " TABLE Ill. The effect of strain for the fcc-hollow site with
coverage 0.25 ML and the surface-substitutiof@uibst) site and
subsurface octahedrébub. octa. site with coverage 0.33 MLR;
andR, are the bond lengths between oxygen and its first and second
nearest neighbors, respectively, followed by the center ofdhe
band, ¢4, of the corresponding Ag atom. The unit is A and the
number given in brackets after tiigs is the coordination number.
AE,q is the change in the adsorption energy with respect to the
zero-strain result, in eV. For the subsurface site, the numlieos

2) in parentheses indicate tltfirst or seconglAg layer to which O

02 | Ofcc  (0.25ML)
<O subst. (0.33 ML)
03 Aocta. (0.33 ML)

AE ,(eV/atom)
=}

bonds.
0.4 - - :
- 2 smaw 4 Strain (%)
Compressive Tensile
FIG. 14. Change of the adsorption energy with lateral strain for ~30 0.0 3.0

(2x2) O/Ag(111) with O in the fcc-hollow site(circles and (V3
><\/§)R30° O/Ag11)) for the surface-substitutional sit&dia- fcc R;(3) 2.17 2.17 2.18
monds and subsurface octahedr@iangles. A positive value of eé —4.38 -4.10 -3.94
the strain corresponds to tensile and a negative value to compres- R,(3) 3.60 3.68 3.76
sive. The energy zero is the adsorption energy at zero strain and the €2 — 458 —4.36 —4.25
reference system is the correspondingly strained, clean relaxed AEq ~0.10 0.00 013
Ag(111) surface.

Subst. R;(3) 2.47 2.30 2.37
increase in binding energy for on-surface oxygen but a de- € —4.35 —4.21 —4.07
crease for O in the surface-substitutional sitese Figs. 1 R(6) 2.92 3.05 3.13
and §. For oxygen in the subsurface site, the adsorption € —-3.72 —-3.71 —-3.70
energy is reduced for compressive strain. This is opposite to AEqq 0.09 0.00 —0.04
what is expected on _the bas_ls of thg lateral mteracnonssub. octa.  R,(3) 2.29 (2) 2.29 (1) 2.29 (1)
which as noted above is attractive for higher coveratmser 1
distance between adatomadicating that an increase in ad- €d -435(2  -396() -386()
sorption energy would be expected. To understand the ob- RZ(ZS) 2.34 (1) 2.31(2) 235(2)
served stain dependence, additional effects need to be con- €d —379 (1 —435( -411(2
sidered: Experimentally, it has been found that oxygen AEq 005 0.00 0.30

prefers to adsorb on R001) with a tensile straif® and
theoretical investigations have proposed that the upshift of
the d-band centergy, with tensile strain is responsible for decreases appreciably for compressive strain and strengthens
strengthening the interaction, and conversely that a downthe bond. This makes oxygen substitution in the substrate
shift weakens the bindinfj. This concept has been general- under compressive strain energetically favorable and over-
ized to other systems and as well as to facets and steppedmpensates the electronic effect from the nearest-neighbor
surfaces by separating the effect into an electronic and Ag atoms in the second layer which acts in reverse. Thus
geometrical parf® We will apply this model to explain our geometrical effects play the dominant role for this site.
results as follows. For subsurface octahedral oxygen adsorption, the situa-
For on-surface adsorption, the variation in bond lengthtion is more involved. In this case, oxygen bonds with three
between oxygen and the first and second nearest-neighbsilver atoms in the first and second metal layers, and the
silver atoms,R; and R,, is modest when either strain is difference betweeRR; andR, is modest. For both compres-
applied, as shown in Table Ill. The change in the adsorptiorsive and tensile strain, the O-Ag bond lengths remain very
energy is therefore mainly from the electronic effect, wheresimilar, indicating that a geometrical effect is not the decid-
€4 shifts down(up) with compressivetensile lateral strain.  ing factor for the result(We first point out that for the zero-
The tensile strain and upshift ef empties more antibonding strain and tensile-strain situatioR; corresponds to Ag at-
states and makes the interaction between oxygen and silvems in the first layer an®, to Ag atoms in the second layer.
stronger. A shift ofey to lower energy leads to more anti- For compressive strain, however, the first and second neigh-
bonding states being occupied and weakens the interactiorboring Ag atoms are switched arf®;, corresponds to Ag
For surface-substitutional adsorption, the dependence aftoms in the second layer am} to those in the first.For
the position ofey on strain for the nearest-neighbor Ag atomstensile strain, compared to the zero-strain situatigrshifts
is similar to the on-surface adsorption, as shown in Table Illup for both Ag atomdi.e., in the first and second laygrss
Unlike for on-surface adsorption, however, the O-Ag dis-may be expected, and the interaction between oxygen and
tanceR; does not remain constant but increases for eaclhe substrate is notably strengtheribg a large 0.3 eY. For
applied strain. The position of4 for the second nearest- compressive strain, the variation ef of the silver atom at
neighbor(surface Ag atoms is practically unchanged for ei- the second metal layécorresponding td&;) is downwards,
ther strain. The second-neighbor bond length however, as for the other cases and as may be expected, which will act
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to reduce the binding. However, the variation &f of the  for coverage® >0.5 ML. In particular, the strong repulsion
silver atoms in the first layer, corresponding R, is not  even at these lower coverages results in O preferring to ad-
downwards, but notably upwards, despite the fact that theorb in subsurface sites for coverages greater than about 0.25
lateral distance between the silver atoms is decreased, whighL .
usually tends to lower they. The reason for the upshift is For surface-substitutional adsorption, the interaction be-
the result of a geometrical effect in the sense that due teween oxygen adatoms is repulsive for low coverages, 0.11—
significant atomic relaxations, in response to the applied.25, and switches to attractive at higher coverages, 0.25—
compressive strain, the topmost silver atoms move signifip 33, indicating island formation with a/3 structure.
cantly outwards, away from the second metal laee first ~ Compared to symmetric adsorption at the vacancy center,
Ag-Ag interlayer spacing is now 3.10 A as compared to 2.68yith O bonding to the three metal atoms in the second layer,
A for zero strain. Thus their effective Ag coordination to the it is energetically preferable for O to bond with two nearest-
second layer is significantly reduced, giving rise to the upmeighbor silver atoms at the edge of the vacancy for\{Be
shift of €4, which will act to increase the binding. These periodicity. In this configuration theinding energy becomes
different relative shifts oty of the first- and second-layer Ag |arger than for on-surface adsorption at the same coverage of
atoms will therefore have an opposite affect on the adsorpg.33 ML. At high temperatures and pressures it is possible
tion energy, where apparently the contribution fréta is  that Ag vacancies could be created due to thermal energy and
stronger and gives rise to a modest decrease in binding efyjs /3 surface-substitutional structure might then form on
ergy. o _ regions of the surface. In particular, we find that adsorbed
Finally, we note that for surface-substitutional adsorptiongn-surface oxygen can considerably facilitate the formation
with oxygen bonded at the edge of the vacancy, the interagst syrface Ag vacancies. Our STM simulations for tf@
tion between oxygen and silver is like the case of surfaceface-substitutional structure shows good qualitative agree-
oxygen adsorption. It is therefore expected that the responsgent with STM experiments performed on surfaces that have
to the s_train will be_similar as well. Indeed, we find that the ,,qp, exposed to high temperatures and highp@ssures.
adsorption energy increases by 0.06 eV when a 3% laterghe other sites investigated—namely, on-surface and subsur-

tensile strain is applied, in contrast to what is observed fok;.o octahedral O—at the same coverage, exhibit qualita-
the high-symmetry site. The variation Bf andR, is mod- tively different features to experiment.

est, 2.22 and 2.56 A, compared to 2.22 and 2.61 A at zer0 e 4150 investigated the effect of strain and find that the

strain, while the correspondingy changes from-3.94 and adsorption energy exhibits a marked dependence gt

—4.22 eV t0—3.81 and—4.06 eV, respectively. up to 0.3 eV increase for subsurface oxygen for a tensile
From the above discussions, we see that strain can notabyain of 394 which is different for different sites: For on-

affect the adsorption energy and that the effect is different fogrface adsorption, it is preferable to adsorb on the substrate
different sites. The result depends not only on the relativey, the tensile state due to the upshifteyf, while for surface-
position of the substratél band, but on the local atomic g pstitutional adsorption, a geometrical effect as opposed to
geometry of the adsorbate, and in addition, on the interrelas, glectronic effect plays the dominate role, and an increased
tionship between atomic relaxatlon and strain. In par“CL_"arinteraction between oxygen and its second nearest neighbor
as found.for the sgbsurface site, dependlng on the detaﬂs_q{mkeS the oxygen prefer to adsorb on the substrate in the
the atomic relaxation of the system in response to the strainy, mpressive state. For subsurface octahedral oxygen, there is
anopposite eéband shlft_ to that_expected only on the basis of 5, interplay between electronic and geometrical effects
knowledge of the applied strain can result. which results in oxygen preferring to be located in the sub-
strate in the tensile state.
VIIl. CONCLUSION In our fut'ure publication, for yvhich the_present paper lays
_ _ _ the foundation for, we study various possible subsurface oxy-
In the present paper we have systematically investigategen and bulk-dissolved oxygen species, as well as the most
the adsorption of atomic oxygen on tl1) surface of sil-  stable oxide, AgO, and various surface oxidelike structures.
ver through first-principles DFT-GGA calculations. We con- These results will provide more insights into the O/Ag sys-

sidered a wide range of coverages for adsorption in the hcgem and the behavior of Ag as an oxidation catalyst.
and fcc-hollow sites as well as surface-substitutional sites.

The fcc-hollow site is energetically most favorable for the ACKNOWLEDGMENTS

whole coverage range considered. The adsorption energy is .

found to be weak compared to adsorption on other transition We thank Professors D. King and R. Sagildor helpful
metal surfacege.g., Ru, Rhas may be expected. The rela- discussions and for sending us papers prior to publication.
tively weak binding is due to the formation of bonding and

antibonding states where the antibonding states are largely APPENDIX

occupied. There is significant electron transfer from the sub-
strate to the O atoms which results in a large increase in the
work function. This yields a strong electrostatic repulsion The oxygen pseudopotential is tested with respect to the
between adsorbates which causes the adsorption energy ¢atoff radii and, with respect to the convergence it yields, of
decrease with increasing coverage. With respect to oxygen ithe physical properties of the oxygen molecténding en-

the gas phase, adsorption on the surface becomes unstaklgy, frequency, and bond lengttoncerning the energy cut-

Oxygen molecule
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1200 - FIG. 16. The calculated binding energy with respect to atomic
oxygen(upped and bond length between O and Mgwer) for (1
100020 : 6|0 . 1(')0 . 1"‘0 X 1) O/Ag(111) with 21 speciak points in the IBZ as a function of
E energy cutoff for different pseudopotentials. Solid and open sym-
conRY) bols represent the cutoff radii of the pseudopotentigs;r,=rq

=1.4 bohr and 1.2 bohr, while circles and diamonds indicate the

FIG. 15. The calculated bond len , binding ener er ) .
. gttop), binding 9y p results for the fcc- and hcp-hollow sites, respectively.

oxygen atommiddle), and frequencybottom of the oxygen mol-
ecule with respect to the energy cutoff for different pseudopoten- . .
tials. The three different oxygen pseudopotentials have cutoff radifSSentially complete for 70 Ry. The hardest pseudopotential
re=rp=rq="1.4circles, 1.2 (diamonds, and 0.9(triangles bohr. with cutoff radius 0.9 bohr approaches practically the same
number wherE_ . is sufficiently large. We obtain the fol-

% kepoi i 4 cell size. The Troullier-Marti lowing converged results: 1@2=3.16 eV/atom,dy=2.30
Off, k-point sampling, and cell size. The Troullier-Martins . o= o4, — 189 mev (1523 cm?). The respective ex-

schem&*?is used to generate the pseudopotential within the, _ .
- erimental results are 2.56 eV, 2.28 hohrs, and 197 meV
GGA-PBE® and three cutoff radii 0.9, 1.2, and 1.4 bohr areep1586 oY) 57 while the binding energy calculated by Per-

selected to represent typical hard, medium, and soft pseud ewet al. with the same GGA-PBE is 3.12 &¥The calcu-

potentials. The total energy calculations are performed with fted bond length and frequency agree very well with the

cubic box of side length 15 bohrs for .bOth atomic and mo'experimental results. Despite the overbinding of the calcu-
!ecular oxygen, and the.same result is obtained by furtheIrated binding energy, the different theoretical methods give
Increase of the cube size to 20 _bohrs. Three sets of essentially the same result. These results clearly indicate that
pomtg—namgly, thgl“ pomt, the point (0.25, 0.25, 0.25), the overbinding is from the exchange-correlation approxima-
and six speC|ak_ points in the |[BZ—are used' and the same i, in DFT and is independent of the framework of the total
results are (_)btalneo_l When the energy cutoff |s_larger than_5 nergy calculations. The error is a systematic error. Further-
Ry. The spln-polanzathn corrgctlon of at‘?m'c OXygen IS more, the overbinding is independent of the construction of
—1.60 eV. For an un-spm-polanzeq CaIC.UIat'OH of mOIGCUI"’.‘rthe pseudopotential, and soft pseudopotentials can be safely
oxygen, the obtained ground state is a singlet, correspondingse in the total energy calculations. Despite the overbind-
to the first excited state of which is 0.90 eV higher than g "the other properties of the bond length and vibrational
the real ground statériplet). Both of these two factors are ¢ equency can be well described by DFT.

taken into account in our calculations. The results obtainedr

with the (0.25, 0.25, 0.25) point are presented and used to
extract the binding energy of oxygen adsorption on the
Ag(11]) surface. Further tests concerning the effect of the oxygen pseudo-
The calculated binding energy, bond length, and fre{potential, energy cutoff, an& points on adsorption of O
quency of molecular oxygen are shown in Fig. 15. We carhave been performed. We used thex(lL) supercell with a
see that the oxygen pseudopotential with cutoff radius 1.4ive-layer slab separated by 15 A of vacuum space to de-
bohr presents the best convergence, and the convergencesizibe the Agl1l) surface. Twenty-one speciél points in

Oxygen adsorption
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the IBZ are used, and oxygen is put on one side of the slallength is essentially the same as that obtained with the soft
where the dipole moment correction is taken into acc8tnt. pseudopotential. As clearly shown in Fig. 16, despite the fact
Structural relaxation for the top two metal layers is includedthat the absolute value of the binding energy is not com-
for all geometries. Both the fcc- and hcp-hollow sites arepletely converged at 50 Ry, the relative stability between fcc-
considered, and the binding energies and bond lengths band hcp-hollow sites converges wéléss than 0.01 eV per
tween oxygen and silver are presented in Fig. 16 for twaadatom, and the change in bond length is not larger than
different oxygen pseudopotentials: namely, with cutoff radii0.02 A. When the speci& points in the IBZ increase from

of 1.2 and 1.4 bohr. The soft pseudopotential, 1.4 bohr, pre21 to 30, the change of the binding energy and bond length
sents a better convergence, as expected. The binding energgtween oxygen and silver for the fcc-hollow site is 0.002
has already completely converged at 50 Ry, while for theeV and 0.001 A respectively, i.e., negligible. As a conclu-
bond length, with further increase to 70 Ry, it decreases bgion, we use the oxygen pseudopotential with cutoff radius
only 0.01 A. For the hard pseudopotential, 1.2 bohr, the bind1.4 bohr and a 50 Ry energy cutoff in the present and future
ing energy approaches the same value at 70 Ry, and the bomark.
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