
PHYSICAL REVIEW B 1 JANUARY 2000-IVOLUME 61, NUMBER 1
Phase transition of dissociatively adsorbed oxygen on Ag„001…
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We show that dissociative oxygen adsorption on Ag~001! induces below room temperature a missing row
2A23A2 reconstruction of the substrate. As demonstrated by the analysis of the photoelectron diffraction
patterns, the oxygen atoms sit thereby in ac(232) arrangement in the previous fourfold hollow sites nearly
coplanar with the Ag atoms, while rows of substrate atoms are removed along the@100# directions. Annealing
the crystal above 350 K restores thep(131) symmetry and the oxygen moves to 0.6 Å above the fourfold
hollow site. It becomes then more oxidic in nature, as demonstrated by the shift of the O 1s level from 530.3
eV to 528.3 eV. The phase transition affects also the O 2s and O 2p levels as well as the surface component
of Ag 3d5/2. The vibrational frequency of the oxygen adatoms against the surface decreases at the phase
transition, in accord with the larger adsorption distance. The higher temperature phase is active towards CO
and C2H4 oxidation, while the low-temperature phase is not. When cooling the sample below room tempera-
ture the reconstructed phase is restored. The time constant of this process as well as the chemical reactivity of
the high-temperature phase are weakly reproducible since they depend on the previous history, i.e., presumably
on the subsurface oxygen content of the sample.
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I. INTRODUCTION

Oxygen interaction with Ag surfaces attracted much
tention over the past years because of the unique role pla
by Ag powders as an extremely selective catalyst for
ethylene epoxidation reaction,1,2 which is at the basis of a
large industry. Although highly qualified work was pe
formed over the last three decades on the O/Ag and O2 /Ag
systems, which are therefore quite well characterized,
reaction could not be reproduced under controlled conditi
and the nature of the active oxygen has so far escaped
derstanding. Recently O2 /Ag was taken as a paradigm fo
the study of the dynamics of the gas-phase interaction wi
solid surface.3

Most of the investigations dealt with Ag~110! and
Ag~111!, leaving Ag~001! aside as a less interesting cas
which was believed to have intermediate properties betw
the open and the closed-packed surfaces. Already in the e
days, however, Engelhardt and Menzel4 noticed that, con-
trary to the other low Miller index surfaces,5 for O/Ag~001!
the work function decreased upon oxygen exposure when
crystal was below room temperature. This behavior is a
opposite to the one expected for an electronegative adso
and it was suggested to be due to subsurface migration o
oxygen atoms. In spite of the prominent role proposed
subsurface oxygen in the epoxidation reaction,2 it was not
investigated further.

More recently we found, by supersonic molecular be
and high-resolution electron-energy-loss spectrosc
~HREELS! investigation, that O2 chemisorbed on Ag~001! is
PRB 610163-1829/2000/61~1!/213~15!/$15.00
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indeed very similar to O2 chemisorbed on Ag~110!, as they
have nearly the same internal vibrational frequency a
potential-energy barrier to adsorption.6,7 However for the
former, system dissociation takes place only at defect s
which we identified with kinks.8 For this reason the dissocia
tion probability is very low and at room temperature w
found a saturation coverage of 0.1 ML of oxygen adatom
when dosing with the supersonic molecular beam.6 In accord
with the low coverage value, no low-energy electron diffra
tion ~LEED! superstructures were observed, while the vib
tional frequency\v read 34 meV. When heating the cryst
no recombinative thermal desorption took place, confirm
that oxygen is efficiently incorporated into the bulk.

C. S. Ares Fang9 reported the formation of a weakc(2
32) phase and\v537 meV, when dosing at 180 K, an
the formation of a (131) phase with\v530 meV, when
dosing O2 at room temperature. Even if in our previous e
perimental investigations we could not reproduce su
superstructure,8 we show in the present paper that it can
formed but only when dosing at crystal temperatures aro
150 K. On the other hand, we observed that oxygen adat
with different vibrational frequencies form upon nonthe
mally induced dissociation, i.e., either by CO oxidatio
@\v535 meV ~Ref. 10! or by collision with energetic Xe
atoms~loss peaks appeared at 28 meV and either at 33 m
or 36 meV, depending on the angle of incidence and imp
energy of the Xe atoms.11! The energy loss\v decreased
moreover to 31 meV when heating the crystal above ro
temperature.12 Such change was correlated with the disa
213 ©2000 The American Physical Society
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214 PRB 61M. ROCCA et al.
pearance of a further loss at 130 meV, which we assigne
the presence of subsurface oxygen.12

Similar high-energy-loss features were reported by P
tinger et al.13 for the other low Miller index surfaces whe
exposing O2 at atmospheric pressure. The same gro
showed with x-ray photoemission spectroscopy~XPS! mea-
surements that, under such conditions, several atomic oxy
moieties form on Ag~111!:14,15 Oa , corresponding to ada
toms on nonreconstructed areas, at a binding ene
EB(O 1s) between 530.4 eV and 530.6 eV; Ob , atoms dis-
solved into the bulk, atEB(O 1s) in the range from 530 eV
to 531 eV, depending on abundance; Og , surface oxide on
reconstructed islands, at 529.0 eV. These species are d
ent from the oxygen adatoms obtained under controlled
trahigh vacuum~UHV! conditions by Campbell on Ag~110!
~Ref. 16! and Ag~111!,17 whose 1s binding energy is 528.3
eV.

The presence of more than one atomic oxygen moiety
Ag surfaces after massive O2 exposures (30 min at 0.1 Pa
a crystal temperature between 570 K and 700 K! was re-
ported also for Ag foils,18,19 where XPS peaks with binding
energies of 528.3 eV~oxidic oxygen! and 530.3 eV~covalent
oxygen! were observed. Such oxygen species showed v
different chemical reactivity20 towards C2H4. The same moi-
eties were produced also by exposing the crystal to a reac
mixture of O2 and CO or C2H4.21 Such treatment did no
cause a better characterized ‘‘surface modification,’’ wh
seemingly activated the Ag surface with respect to the e
ylene epoxidation reaction.20 Coadsorption of both oxygen
moieties was thereby found to be essential for the produc
of ethylene epoxide.

The presence of a reactive and of an unreactive oxy
species towards CO oxidation was reported for O/Ag~110!
~Ref. 22! when preparing the oxygen layer and dosing C
below 200 K in UHV conditions. No spectroscopic inves
gation was, however, performed for this system.

In order to verify the possible connection of such oxyg
species with the ones associated to the different vibratio
frequencies observed by HREELS on Ag~001! under con-
trolled conditions, we investigated this system thoroughly
x-ray photoemission spectroscopy, x-ray photoelectron
fraction ~XPD!, HREELS, and LEED inspection. For th
XPS and XPD study we used three beam times at the
perESCA beam line at the ELETTRA synchrotron in Tries
while the HREELS study was performed in Genova.

II. EXPERIMENT

The experimental set-up in Genova was described in
tail in Ref. 23. It allows us to deposit the O2 by a supersonic
molecular beam and to perform HREELS measurement
crystal temperatures down to 100 K. With the help of t
beam a high-sticking coefficient,S'0.7, can be reached als
for O2 /Ag(001), thus allowing us to reduce the O2 exposure
time and to work in better vacuum conditions.7 In part of the
measurements, however, the oxygen was dosed by bac
ing @dissociative sticking coefficient of about 1024 ~Refs. 6
and 24!# in order to reproduce the same experimental con
tions as for the measurements performed at ELETTRA. T
adsorbed species were monitored and identified by HREE
which was operated at a resolution between 5 and 8 me
to
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The XPS experiments were performed at ELETTRA w
the SuperESCA beam line, which allows for an intense p
ton flux ~up to 1012 photons/sec for photon energieshn be-
low 0.7 keV, with a resolving power above 5000!. A descrip-
tion of the setup can be found in Ref. 25. The measurem
were recorded in several beam times using two different
crystals and sample mountings. The manipulator allowed
to change the azimuthal angle of the sample~the angle be-
tween photon beam and detector is fixed and reads 4
while cooling was limited to 120 K. The very intense ligh
beam of ELETTRA allowed us to record the XPS spec
within few minutes, thus allowing to follow the time evolu
tion of the adsorbed species. The photon flux had no in
ence on the O adatoms while it induced desorption and
dissociation of the O2 admolecules.12

The estimated relative error in the energy positions of
XPS peaks in our study is60.05 eV. The XPS binding
energiesEB were calibrated against the bulk Ag 3d5/2 peak
value of 368.0 eV to be in accord with the principal XP
papers with which we shall compare our data, i.e., Wea
and Hoflund,26 Bukthyarov and co-workers,18,21,20 and Bao
and co-workers.13,15 Citrin et al.,27 and Andersenet al.28 re-
ported, on the other hand, 368.2 eV for the Ag 3d5/2 peak
position.

The photon beam is plane polarized. The polar XP
curves~as the ones reported in Figs. 10 and 11! are therefore
not symmetric with respect to the polar angleu because the
polarization of the light changes from nearly normal to t
surface atu5240° ~grazing incidence of the photon beam!
to parallel to it atu5140°.

Calibration of the surface coverage,QO, for O/Ag~001! is
problematic as no thermal desorption is observed,12 the oxy-
gen Auger signal on Ag is very small, and only one LEE
superstructure corresponding to the low-temperature ph
of adatoms, is present. For the experiments in Genova,
estimated the coverage from the intensity of the losses m
sured by HREELS assuming the dipole moment to be
same as for O/Ag~110!, for which calibration with known
LEED structures is possible.29 For the synchrotron data~re-
corded at ELETTRA! QO was estimated from the O1s peak
area, calibrated to the XPS signal of the sharpc(232)
LEED pattern of the low-temperature oxygen phase. S
superstructure corresponds to a nominal coverage of 0.5
but, as discussed later~Sec. III C!, it is in reality a disordered
2A23A2 phase, whose extra spots are too weak to be
ible. The coverage should therefore be smaller than 0.5 M
but large enough to give rise to an orderedc(232) structure
of the oxygen adatoms. A fully developed 2A23A2 struc-
ture could not be achieved as, due to the vanishing O2 stick-
ing coefficient at large coverage, further dosing would ha
inevitabily increased also the contamination level~in particu-
lar of C containing species!.

As no better evaluation ofQO was possible, we assume
QO50.4 ML for the c(232) superstructure. This assign
ment is confirmed by comparing the XPS intensities with
one obtained under identical experimental conditions for
known c(232) O/Rh~001! system, for which QO
50.5 ML. Since no direct calibration is possible for th
high-temperature O moiety, we used for it the same calib
tion as for the low-temperature phase. This choice for
measurement conditions athn5655 eV, f520°, andu5
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FIG. 1. ~a! XPS spectra recorded vs oxygen exposure atT5150 K. Oxygen peaks form atEB(O 1s)5532.2 eV, 530.3 eV, and 528.1
eV. The last moiety is unstable at this temperature as demonstrated in~b!. Contamination with carbon containing species is negligible. T
spectra in this and in the following figures were normalized to the background and are rigidly shifted except for the bottom curve. Ts
spectra were recorded athn5655 eV, u5240°, andf521° off ^100&.
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240° is justifieda posteriori from the analysis of the pho
toelectron diffraction~see Sec. III C!.

III. DATA PRESENTATION

A. Experiments at SuperESCA

1. XPS

~a! Oxygen uptake.Typical XPS spectra recorded seque
tially while dosing O2 at T5150 K are reported in Fig. 1~a!.
The spectra were recorded at a photon energyhn of 655 eV,
corresponding to a photoelectron kinetic energy of 125
to enhance surface sensitivity. A major peak, growing w
oxygen dosis, is observed at a binding energyEB(O 1s) of
530.3 eV. This value coincides with the one of the ‘‘cov
lent’’ oxygen of Bukthyarovet al.18,20 and Boroninet al.19

and of the Oa and Ob species reported by Bao an
co-workers.13,15 To our knowledge, this is the first time tha
oxygen with EB(O1s)5530.3 eV is produced under con
trolled conditions. This binding energy would also be app
priate for carbonates@EB(O 1s)5529.9 eV,16! but we can
safely exclude contamination with carbon containing spec
by inspection of the C 1s region. The control was perform
at hn5432 eV, corresponding to a sensitivity comparab
to the one that we have for oxygen athn5655 eV.
-

,

-

s
d

Minor peaks are present at 532.2 eV and 528.1 eV. T
former corresponds to adsorbed O2; the latter is due to an-
other oxygen moiety that is unstable at this temperature
disappears with time@Fig. 1~b!#. Its binding energy coincides
with the one of the adatoms obtained by thermal dissocia
of O2 on Ag~110! and Ag~111!.16,17

The area of the main peak in Fig. 1~a! was evaluated with
a fitting algorithm based on the Doniac-Sunjic form. In F
2 we report this quantity vs O2 exposure for uptakes re
corded at differentT. The slope of the curves is proportion
to the dissociative sticking coefficientS, which is estimated
to be 7.4 1024 at T5150 K and 1.3 1024 at T5250 K
and was even smaller above room temperature. The valu
250 K compares well with our previous molecular bea
study of S.6 This behavior is at variance with our resul
obtained with the supersonic beam, where we found an
crease ofS with T above 180 K~Ref. 8! connected to the
thermally activated generation of kinks. The different beha
ior of S in the present experiment must be connected to
different impact energy: 800 meV with the beam vs 25 m
in the backfilling experiments.

The dissociation mechanism active at 150 K allows
reach, after a dosis of some 3000 L of O2, a coverage which
is large enough to form ac(232) LEED superstructure. The
LEED result of C. S. Ares Fang9 is thus confirmed excep
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216 PRB 61M. ROCCA et al.
that the dosing temperature must have been lower than
K.

At still lower temperatures also nondissociative adso
tion takes place, as demonstrated by the presence of the
gen peak at 532.2 eV. Such peak disappears at 160 K
accord with the temperature of thermal desorption and
sociation of O2.30 Possible contamination with H2O and OH,
which have O(1s) peaks at the sameEB value, can be ruled
out because such species have a higher desorption tem
ture as proved by XPS and HREELS dosing H2O on pur-
pose. The measured value ofEB(O 1s) falls into the range
appropriate to peroxides31 in accord with the HREELS
results.32 As the vibrational frequencies of O2 /Ag(001) and
of O2 /Ag(110) are very similar, the chemisorption sit
should be similar, too. TheEB(O1s) value of 529.3 eV re-
ported by Campbell for the latter system16 looks therefore
anomalously low. The same author reported moreove
binding energy of 531.5 eV for O2 /Ag(111) ~Ref. 17! and
assigned it to superoxide. According to Qiuet al.,31 how-
ever, this moiety should haveEB(O1s) values in the range
of 535 eV and can thus be excluded. Most probably,2
adsorption occurs therefore in peroxide form also
Ag~111! and the low value reported by C.T. Cambell f
O2 /Ag(110) is wrong.

As shown in Fig. 3 the intensity of the peak at 532 eV
heavily affected by the photon beam, which causes disso
tion, and probably also desorption, of the admolecules m
likely via the production of secondary electrons.12

Our XPS experiment indicates that carbonate format
becomes important when dosing O2 below 140 K. In order to
minimize oxygen dosis and C contamination, the oxygen
posure was therefore performed atT>150 K for the back-
filling experiments discussed in the following.

~b! Phase transition.When heating the crystal, the oxyge
species with EB(O 1s)5530.3 eV is present up toT
5300 K. It disappears eventually if the experiment is p
formed immediately after repeated cleaning cycles or if
initial coverage is low@see Fig. 4~a!#. As no recombinative
desorption is observed, we conclude that subsurface mi
tion takes place. On the other hand, if the initial coverage
large, partial conversion into another oxygen moiety, char
terized byEB(O 1s)5528.3 eV, takes place@Fig. 4~b!#. We
conclude therefore that the phase conversion of the ada

FIG. 2. Atomic oxygen coverage of O530 vs O2 exposure at two
different crystal temperatures. Oxygen is dosed by backfilling
adsorption occurs in both cases dissociatively. 1 L corresponds to a
dose of 0.32 ML of O2 impinging on the surface. The slope of th
uptake curves is proportional to the sticking coefficient.
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can occur only if the concentration of oxygen dissolved
the bulk is larger than some critical value. For brevity in t
following we will refer to the two atomic oxygen phases
O530 and O528. The oxygen dissolved into the bulk is
visible in our XPS spectra as, at a photoelectron kinetic
ergy of 120 eV, the information depth is limited to 2–3-A
layers. It was observed however with conventional x-r
sources by Baoet al.15 (Ob moiety! for heavily oxidized
Ag~111! at EB(O 1s) values ranging from 531 to 530 eV
depending on abundance. In agreement with this we find
after O530 disappearence a small peak is presen
EB(O 1s)5530.9 eV, which we assign to oxygen in subsu
face sites~see Fig. 4!. Such a peak might have been prese
also before annealing but becomes visible only after
larger XPS intensity due to O530 is removed. We ident
the subsurface oxygen moiety~O531 in the following! with
the one responsible for the energy loss at 130 meV obse
by HREELS, as both disappear atT5350 K.12 Contrary to
the Ob moiety of Baoet al.,15 its site must therefore be in th
immediate subsurface region, i.e., in the first Ag layer, p
sumably in the octahedral interstitial. O531 is also obser
in the initial stages of the backconvertion process@see Fig.
6~a!#.

Thec(232) superlattice LEED spots disappear at 300
i.e., when conversion into O528 starts. We are theref

d

FIG. 3. XPS spectra in the O 1s region after adsorption atT
5120 K. Spectrum A corresponds to a virgin spot of the crys
while spectrum B was recorded after prolonged exposure to
photon beam, which induced O2 desorption and dissociation of oxy
gen admolecules@EB(O 1s)5532 eV#.
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FIG. 4. Evolution of the XPS spectra vs annealing temperature for~a! low coverage (QO50.05 ML) and ~b! high coverage (QO

50.22 ML). At T5300 K the oxygen starts converting from the phase with a binding energy of 530.3 eV~O530! to the one with a binding
energy of 528.3 eV~O528! only if the initial O530 coverage and the subsurface oxygen content are large enough. Prior to disappea
oxygen 1s peak shifts to 530.9 eV~O531!.
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dealing with a phase transition as the formation of the hi
temperature phase is associated with a reduction of the
face symmetry. As we will demonstrate below thec(232)
superstructure corresponds in reality to a 2A23A2 recon-
struction of the substrate, whereby the quarter order spots
too weak to be observed by visual inspection of the LE
screen. A similar structure forms for O/Cu~001! ~Refs. 33–
35! and also in that case the quarter order spots are ha
visible at low coverage.33,34 Interestingly, O/Cu~001! also
has a binding energy of 530 eV.36,37

The intensity of the oxygen moieties shown in Fig. 4~b! is
reported in Fig. 5 vsT. As, for the present experimenta
conditions (hn5655 eV,u540°), the photoemission cros
sections of O530 and O528 are both close to their aver
value ~see XPD data in Sec. III C! the peak areas allow to
directly estimate the relative surface coverage. Inspectio
the figure shows therefore that while heating the crys
above the transition temperature roughly half of the oxyg
dissolves into the bulk. Subsurface diffusion was repor
also for O/Ag~110! by C. Backxet al.,5 but in that case the
dissolution temperature was above 450 K.

O528 converts back to O530 when cooling below roo
temperature and, if the final coverage is large enough,
c(232) LEED pattern is restored. As shown in the fir
spectra of Fig. 6~a!, EB(O 1s) has initially a value of 530.7
eV and then shifts to 530.3 eV. Such shift is indicative
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oxygen segregation from the bulk; direct conversion of O5
into O530 becomes dominant only eventually. After t
backconversion process is completed, O 1s binding energy
and XPD pattern~see Sec. III C!, are identical to the ones o
the O530 phase produced by direct dissociation. Adsorp

FIG. 5. Oxygen coverage vs T when heating the crystal ab
the transition temperature for the conditions of Fig. 4~b!. The heat-
ing rate is 0.4 K/sec. Filled circles and open circles indicate O5
and O528, respectively. Crosses indicate oxygen with a bind
energy of 530.9 eV~O531! associated with oxygen occupying site
in the immediate subsurface region.
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218 PRB 61M. ROCCA et al.
site and chemical state of the O530 adatoms are therefor
same before and after conversion into O528.

The O528 and O530 coverages, recorded during the b
conversion process, are reported in Fig. 6~b!. As one can see
the removal of O528 starts only after'500 sec, during
which oxygen segregation to the immediate subsurface
gion ~O531 moiety! occurs. Because of this effect the appa

FIG. 6. ~a! Sequence of XPS spectra showing the backconv
sion process of O528 to O530 when the crystal is cooled to 246
The time constant of the process depends on the past history o
sample. It was shorter for a sample that had been exposed to a
several months for which the subsurface oxygen concentratio
greater. The spectra were recorded atu540° andf521° off ^100&
with hn5655 eV. ~b! Coverages of the three oxygen moieties
time. Note the delayed onset of the depletion of O528 after coo
the sample.
the

k-

e-
-

ent final coverage of O530 is slightly larger than the init
coverage of O528. The time constants of O530 format
and O528 removal processes were not reproducible betw
the different experimental runs and were sometimes q
different between each other. The irreproducibility indica
that the backconversion process is determined not only
crystal temperature, but also by the previous history of
sample, i.e., presumably by the dissolved oxygen concen
tion. The difference between the time constants of O528
O530 confirms that segregation from the bulk contribu
significantly to the O530 signal. The measured time cons
for O528 disappearence ranged between 3000 and 20000

Since the backconversion process took place also at
K the energy barriers to be overcome must be small.

2. Valence-band region

The spectra of the valence band region in presence
O530 and O528 are shown in Figs. 7~a! and 7~b!. They were
recorded withhn5182 eV to enhance surface sensitivit
Given the emission angle of 37° the momentum paralle
the surface is 0.9 Å21 along Ḡ-M̄ in the second Brillouin
zone. A spectrum of the clean surface recorded in ident
conditions is reported for comparison~solid lines!. In pres-
ence of O530, extra intensity forms at 22.5 eV and 3.0

r-
.

the
for
is

g

FIG. 7. Valence bands of the clean Ag surface~continuous line!
and after adsorption of the two oxygen moieties~dashed line! at
given crystal temperature:~a! O530,~b! O528. The position of the
O 2s and O 2p levels is show by the bars. The spectra were
corded atu537° andf50 ~^100& direction! with hn5182 eV.
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PRB 61 219PHASE TRANSITION OF DISSOCIATIVELY ADSORBED . . .
below the Fermi edge, due, respectively, to electron emis
from the O 2s and O 2p orbitals. The intensity between 1
and 15 eV belowEF is due to plasmon excitation, which i
heavily reduced in presence of oxygen.38 For O528 @Fig.
6~b!# the O 2s and O 2p peaks shift to 19.1 eV and 2.0 e
below EF , respectively.

The O 2p values compare well with those reported f
Ag~110!, where a dispersion from23.3 eV atḠ to 21.5 eV
at Ȳ ~Ref. 39! was observed, and for Ag~111! where the
O 2p level is at22.0 eV.40

We notice that no extra features are present in the vale
band confirming the low contamination level in the report
experiments. In particular, no peaks are observed in
range 11–13 eV belowEF where we would expect the 1pu ,
3sg , and 4sg states of CO2

2 , nor at 8.4 eV where CO3
2 has

its 3e8 and 1a29 levels.14

3. Ag 3d5/2

Oxygen adsorption affects also the surface core-level s
of Ag 3d5/2 as shown in Fig. 8. In accordance wi
literature,27,28 bulk and surface components cannot be
solved for the clean surface as they are separated by on
meV for polycrystalline Ag. On the other hand, two pea

FIG. 8. Ag 3d5/2 peak for the clean surface, and in presence
O530 and O528. In both cases a core-level shift of20.4 eV is
evident for the Ag atoms in contact with the oxygen. The cle
surface core-level shift is negligeable in accord with literature~Ref.
27!. The spectra were recorded atu537° andf521° off ^100&
with hn5471 eV.
n

ce

e

ift

-
72

are visible after oxygen exposure: one at 368.0 eV due
bulk Ag, and another at 367.6 eV due to Ag atoms in cont
with oxygen. The surface component of the O530 phas
only slightly larger than the bulk one. For O528, on t
contrary, it is significantly broader because of the larger s
face disorder.

The observed binding-energy shift (20.4 eV) is close to
the value of20.3 eV, reported in literature for Ag2O.26 It
has an opposite sign than expected between a metal an
oxides41 and it must therefore be governed by factors oth
than the electronegativity, such as lattice potential and e
atomic relaxation energy. Other examples of negative sh
were reported for Cd compounds.41 The anomalous sign is
considered indicative of the formation of Ag1 ions.

As for AgO, the core-level shift reads20.7 eV,26 we can
conclude that the surface compounds formed on Ag~001!
must bear more similarity to Ag2O than to AgO for both
oxygen phases.

B. HREELS investigation

HREEL spectra obtained after dosing O2 with the super-
sonic molecular beam at 130 K and annealing at differ
crystal temperatures are reported in Fig. 9. The expos
temperature is slightly lower than the one used for the
periments at ELETTRA as carbonate contamination is n
ligible when working with the beam. HREEL spectra o
tained after dosing by backfilling evidenced a strong
contamination level, especially of OH as demonstrated b
weak loss at\v5445 meV. The evolution of these spect
after annealing is, however, similar to those obtained a
molecular-beam dosing.

The loss peak at 80 meV in the bottom spectrum of Fig
corresponds to the internal O2 vibration,32 and is therefore
indicative of nondissociative adsorption. The loss at 30 m
was previously assigned to the O2 vibration against the
surface.6,7 In the present case, however, it is much mo
intense than when adsorbing atT5100 K and, as demon
strated by the second spectrum from the bottom, its inten
is not proportional to the one of the O2 peak. It must there-
fore be due to atomic oxygen, demonstrating that a ther
dissociation channel opens already atT5130 K.42 This kind
of oxygen must be of the O530 moiety as the latter dom
nates the XPS spectra recorded in identical conditions.
frequency reads 32 meV at 150 K upon oxygen dissociat
When annealing to 190 K a sharpc(232) LEED pattern
appears and the frequency shifts to 36 meV.

Above room temperature the LEED pattern reverts to
31) and the vibrational frequency moves back to 28–
meV, the shift being larger when the initial O530 coverage
greater. From XPS we know that only O528 is present
such conditions.

We remark that thec(232) phase and the 36-meV los
cannot be produced when exposing with the molecular be
at T5100 K and then dissociating by heating to 200 K b
cause with this procedure the O2 population is rapidly
brought to temperatures at which desorption is far more
ficient than dissociation.8 The maximum atomic oxygen cov
erage obtainable remains therefore small. Also in the la

f
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conditions however, a change in the vibrational frequen
from 34 meV to 31 meV takes place when heating abo
room temperature.

C. Photoelectron diffraction

In order to determine the adsorption site and the lo
surface geometry we recorded the XPS intensity vs
muthal and polar angle of the sample athn of 655 eV, 710
eV, and 940 eV, corresponding to photoelectron kinetic
ergies of 120 eV, 175 eV, and 405 eV. The highest-ene
data were used to discriminate between different struct
models, since they are dominated by forward scattering
allow us to view the atomic structure of the surface in
quasidirect way. At lower kinetic energy on the contra
backscattering becomes important and a full multip
scattering analysis is necessary.43

The polar XPD curves recorded at low energies are
ported in Fig. 10 and Fig. 11 for O530 and O528, resp
tively. Already by visual inspection one can notice that:~a!
near normal emission, O530 shows a strong modulation
the intensity at bothhn values, while~b! the XPD curves for
O528 are smoother. This indicates that the adsorption site

FIG. 9. HREELS spectra recorded after dosing atT5130 K
and annealing to different crystal temperatures. The peak at 80
is indicative of O2 adsorption. The peak in the region of 30 meV
due both to molecular oxygen and to oxygen adatoms at low t
perature, while it is due solely to adatoms above the desorp
temperature of O2 ~150 K, as demonstrated by the disappearence
the peak at 80 meV!.
y
e
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the two species is different. Such a result is confirmed by
azimuthal scans~see Fig. 12! recorded for both oxygen moi
eties at the same photon energy (hn5655 eV) and polar
angle (u5240°).

We notice that the photoemission intensity athn
5655 eV,u5240°, andf525°, i.e., for the conditions a
which the spectra shown in Fig. 4 and in Fig. 6~a! were
recorded, is close to the average value for both oxygen m
eties. This observation justifiesa posteriori our choice of
assuming the same conversion factor for the peak are
O528 and O530 into coverage.

The azimuthal XPD patterns for O530 recorded athn
5940 eV are shown in Fig. 13 together with the best fi
obtained for different models@all compatible with ac(2
32) LEED pattern at low coverages# with a simulation code
based on single-scattering processes.44 The different investi-
gated models are:

~a! missing-row reconstruction along@100# with a 2A2
3A2 ~rotated 45°) symmetry;

~b! fourfold hollow site with the oxygen sitting slightly
subsurface;

~c! oxygen in the octahedral site in the second Ag pla
~d! oxygen in the tetrahedral site between the first a

second plane of Ag;
~e! substitutional oxygen slightly below the first Ag plan
The best agreement, determined on the basis of

R-factor evaluation,45 is found for model ~a! i.e., for a
missing-row reconstructed 2A23A2 structure: oxygen at-

eV

-
n
f

FIG. 10. Polar XPD patterns for O530 for~a! hn5655 eV and
~b! hn5710 eV along^110&. Different symbols indicate differen
series of measurements. In~a! the h data were obtained for an
oxygen overlayer annealed to 370 K and reconverted to O530 a
cooling the crystal below room temperature. Thes data correspond
to an oxygen layer produced by dissociation from the gas phase
one can see, the XPD patterns are identical within the error.
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oms are placed in the missing rows slightly displaced off
previous fourfold hollow sites and slightly subsurface, wh
also the Ag atoms are relaxed. This structure is similar to
one reported for O/Cu~001! with Q50.5 ML.34,35 Also in
that case the quarter-order spots are extremely faint c
pared to the half-order ones so that at low coverage ac(2
32) pattern is observed by LEED inspection.

The missing-row reconstructed structure around O5
was investigated by means of low-energy photoelectron
fraction, too. Working in these conditions implies a le
straightforward interpretation of the data as backscatte
cannot be neglected anymore. On the other hand, the la
photon flux at the SuperESCA beam line allows for a hig
quality of the experimental data while the isotropic wa

FIG. 11. Same as Fig. 10 for O528:~a! hn5655 eV and~b!
hn5710 eV alonĝ 110&. Different symbols indicate different serie
of measurements.

FIG. 12. Comparison of the azimuthal XPD pattern for O5
and O528 atu5240° andhn5655 eV. The different modulation
is indicative that the two oxygen moieties sit in different sites.
e

e

-

0
f-

g
er
r

front of the photoemitted electrons is capable of probing
structure with the same accuracy over the whole thr
dimensional space. The multiple-scattering modulation w
calculated at any order with a self-developed code.46 A com-
plex exchange and correlation potential allows us to acco
for the inelastic losses also in the electron path towards
detector. The comparison of the best fit with the experim
tal data is reported in Fig. 14, while the best-fit structure
shown in Fig. 15. The results confirm that the oxygen ato
are in the previous fourfold hollows displaced towards t
missing rows by 0.3660.04 Å. The adsorption site is
0.15 Å above the outermost Ag plane of the unreconstruc
surface. The Ag atoms close to the missing rows are, h
ever, displaced upwards by 0.30 Å and laterally towards
missing rows by less than 0.06 Å, so that the oxygen
effectively below its nearest Ag neighbors. The main diffe
ence with respect to the O/Cu~001! system is that for the
latter case the oxygen atoms are displaced away from,
stead of towards the missing rows. The different geome
for Ag~001! might be connected to the presence of subs
face oxygen in octahedral sites.

The weakness in the LEED pattern of the quarter-or
spots compared to the half-order ones was attributed, in
case of O/Cu~001!, to the presence of a well-orderedc(2
32) mesh associated to the oxygen adatoms that are
placed by less than 0.05 Å off the former fourfo
hollows.37 The oxygen layer contributes to the half-ord
spots, while the disorderly reconstructed substrate de
mines those of quarter order. There are indeed two differ
possibilities and two equivalent@100# directions for remov-
ing atom rows. This explanation does not hold f
O/Ag~001! as the lateral displacement of the oxygen off t
former fourfold hollows is large and the scattering streng
of Ag is much greater than the one of oxygen. The intens
of the quarter-order spots could, however, be depressed i
missing Ag atoms form antiphase domains shifted by o
unit vector of the Ag fcc lattice constant along@001#

FIG. 13. Comparison of the measured azimuthal XPD patte
of O530 recorded athn5940 eV at different polar angles with th
theoretical prediction for different structural models:~a! missing-
row reconstruction;~b! fourfold hollow site;~c! octahedral intersti-
tial; ~d! tetrahedral insterstitial;~e! substitutional. The best fit is
clearly for the missing-row reconstructed surface.
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~4.06 Å! within the transfer width of our LEED system~typi-
cally 100 Å!. Constructive interference would then tak
place for the half-order spots and destructive interference
the quarter-order spots. The position of the missing Ag
oms is most probably dictated by ac(232) mesh of oxygen
forming locally prior to the reconstruction. Oxygen sitting
such mesh on a still unreconstructed surface is possibly t

FIG. 14. Comparison of the experimental XPD data with t
best-fit curves obtained for the 2A23A2 missing-row reconstructed
surface.
or
t-

be

identified with the moiety giving rize to the small peak
EB(O 1s)5528.1 eV, observed during the oxygen uptake
150 K.

The presence of some features in the measured X
curves, which are not completely reproduced by the mo
is still matter of investigation. We can exclude them to
due to the presence of subsurface missing rows, as
model gives a worse level of agreement. Most probably th
are caused by the presence of intensity associated with O
~subsurface oxygen!.

For O528 the comparison of the data with the simple h
low site gives a good agreement, while models involvi
substitutional adsorption and reconstructed substrates are
acceptable. The assignment is therefore much more stra
forward than in the O530 case. Comparison with experim
for different adsorption heights is reported in Fig. 16~a! for
the azimuthal scans at a polar angle of240° and hn
5655 eV, and in Figs. 16~b! and 16~c! for polar scans along
the @110# direction at hn5655 eV andhn5710 eV, re-
spectively. As the experimental areas were normalized to
background, we corrected them by multiplying with cosu.47

The best agreement is obtained when the oxygen sits 0.6
above the fourfold hollow site of an unreconstructed surfa
The sensitivity of photoelectron diffraction to the adsorpti
height of oxygen is very high in all cases.

D. CO oxidation and chemical reactivity

In a previous investigation we had found the unexpec
result that oxygen adatoms on Ag~001! could not be removed
by CO oxidation,10 contrary to the case of the other lo
Miller index Ag surfaces.22 Such an experiment was pe
formed below and at room temperature, i.e., for conditio
corresponding to the presence of O530. As shown by XPS
Fig. 17, such moiety is indeed chemically inert. O528 on

FIG. 15. Best-fit model for the reconstructed 2A23A2 surface.
dzAg

is the height of the surface Ag atoms at the missing rows, w
respect to the expected position for an unrelaxed crystal.dzO

is the
oxygen-adsorption height with respect to the same reference p
Contrary to the similar model accepted for O/Cu~001!, the O ad-
sorption site is shifted towards the missing rows.
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FIG. 16. Comparison of the measured XPD pattern in presence of O528 with the theoretical prediction for the fourfold hollow
different chemisorption heights:~a! azimuthal curves,~b! and~c! polar curves at differenthn. The areas of the oxygen peaks in b and c we
multiplied by cosu in order to compensate for the angle dependence of the background to which the experimental spectra were no
nd
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contrary can be readily removed,~see Fig. 18!. Similar re-
sults were obtained by HREELS investigation a
molecular-beam dosing. Interestingly, the XPS spectra s
that after the CO reaction with O528 a new peak forms
529.0 eV, which coincides with a surface oxide moiety o
served by X. Baoet al.13 after extremely large oxygen expo
sures on Ag~111!. This moiety is not removed by furthe
exposure to CO.

FIG. 17. CO oxidation experiment for O530. No significant r
duction of O530 takes place within experimental error, indicat
its inertness.
w
t
-

The inertness of oxygen in our previous study was th
connected to its O530 nature. Notably, oxygen with simi
binding energy was found to be chemically inert also
Bukthyarovet al.20 and by Felteret al.40. The measured re
activity of O528 on Ag~001! is however still one order of
magnitude smaller than for O/Ag~110!,22 which is character-
ized by the similar binding energy of 528.2 eV.16 The O528

FIG. 18. Removal of O528 by CO exposure. The residual p
at 529 eV has anEB(O 1s) value appropriate to Ag2O ~Ref. 26!.
Rehrenet al. associated, however, oxygen with this binding ener
on Ag~111! to a particular surface oxygen phase,Og ~Ref. 14!.
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reactivity towards CO came out moreover to be different
the different beam times at ELETTRA indicating its depe
dence on the previous history of the sample. Indeed it w
larger for a run in which the crystal had been exposed to
for several months, and smaller for a run in which the sa
crystal had been transferred directly from one vacuum ch
ber to the other. The latter reactivity is consistent with t
one found for HREELS measurements performed in Gen
on a crystal that had remained in UHV for months. We co
clude therefore that the reactivity is dictated by the subs
face concentration of oxygen.

The HREELS results at different crystal temperatures
shown in Fig. 19 together with a waiting experiment. Da
recorded below room temperature are not shown since
significant removal occurred. The initial reaction rate, d
fined by

R5
1

QOFCO

DQO

Dt
~ML21!, ~1!

whereFCO denotes the CO flux, is reported in Fig. 20 vsT

FIG. 19. Intensity of the HREELS oxygen signal vs CO exp
sure at different crystal temperatures. The corresponding blank
periment is also reported for the high-temperature case: no oxy
removal takes place in the time of the experiment because of
surface diffusion.

FIG. 20. Reactivity of adsorbed oxygen with respect to CO o
dation vsT as inferred from HREELS data. Oxygen vibrating
\v534 meV corresponds to O530, the one at\v531 meV to
O528.
-
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and compared with the XPS results obtained in the be
time in which the reactivity was lower. As one can see,
curve is nearly flat up to 300 K in accord with the inertne
of O530. On the contrary, as soon as conversion into O
takes place it starts to increase monotonously. This beha
is indicative of a positive apparent activation energyEapp ,
which results from the subtraction of the desorption ene
of CO,Edes, from the real activation energy of the oxidatio
reaction,Erea . A positive value ofEapp indicates therefore
that Erea.Edes, at variance with the case of CO oxidatio
of O/Ag~110!.22 This difference is indicative tha
Edes(Ag(110)).Edes@Ag(001)#, as indeed expected.

Similar results were obtained for C2H4 oxidation. Again
O530 resulted to be chemically inert while O528 could
readily removed.

IV. DISCUSSION OF THE RESULTS

The present study is the first in which oxygen atoms w
EB(O 1s)5530.3 eV are observed on a single-crystal A
surface under controlled UHV conditions. This oxygen m
ety had been previously observed on Ag~111! and on poly-
crystalline Ag films, as summarized in Table I.

Contrary to our case O530 had then been produced~i!

TABLE I. O 1s binding energies for adsorbed oxygen. When
reference is given, the quoted value was measured in the pre
experiment. The data of Ref. 48 were recorded for K coadsorpt

Oxygen moiety Phase O 1s ~eV!

O528/Ag~001! disordered 528.3
O530/Ag~001! (2A23A2) 530.3
peroxide/Ag~001! disordered 532.0

O/Ag(110) ~Refs. 16 and 51! p(231) 528.1
peroxide/Ag~110! ~Ref. 16! 529.3

O/Ag~111! ~Ref. 17! p(434) 528.2
Oad /Ag(111) ‘‘active’’ ~Ref. 40! 528.5
Oad /Ag(111) ‘‘inactive’’ ~Ref. 40! 530.3
surface oxide on Ag~111! ~Ref. 14! 529.0
Oa /Ag(111) ~adatoms! ~Ref. 14! 530.4
Ob /Ag(111) ~subsurface! ~Ref. 14! 530.3
O2 /Ag(111) ~Ref. 17! 531.5

covalent O/Agpoly ~Ref. 19! 530.3
oxidic O/Agpoly ~Ref. 19! 528.3
O in bulk ~Ref. 14! 531.6–529.7
O/Agpoly weakly bound~Ref. 50! 528.3
O/Agpoly strongly bound~Ref. 50! 530.2
O/Agpoly ~low QK) ~Ref. 48! 528.5
O/Agpoly ~largeQK) ~Ref. 48! 530.3
O2 /Agpoly ~largeQK) ~Ref. 48! 533.1
O2 /Agpoly peroxide~Ref. 31! 531.5

O2
phys ~Ref. 49! 536.5

O2
phys ~Ref. 31! 538

Ag2O ~Refs. 53 and 41! 529.0
Ag2O ~Ref. 26! 528.8
AgO ~Ref. 41! 528.3
AgO ~Ref. 26! 528.5

-
x-
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either by massive exposures to O2 at atmospheric
pressure13,14,18or to reaction mixtures of O2 and CO or C2H4
~Refs. 19–21!, ~ii ! or by coadsorption with alcaline atoms.48

As conventional laboratory x-rays sources were used in th
experiments, carbon contamination could not be checked
ficiently. Carbonate formation was, however, excluded
some of these studies because O530 was produced at
peratures at which CO3

2 is unstable.15 Facetting occurred for
the single-crystal experiments of Baoet al.15

Bao et al.13,15 and Rehrenet al.14 found two kinds of
O530: Oa corresponding to adatoms and Ob assigned to oxy-
gen dissolved in the bulk. The two species could be dis
guished because the latter was not removed by mild spu
ing. Bukthyarovet al.21 assigned O530 to covalent oxyge
sitting in supersurface sites while O528 was said to be ox
in nature and related to two moieties, occupying supersur
and subsurface sites, respectively.19 Their claim is supported
by the different XPS intensity observed at normal and gr
ing emission. O530 was found to be unreactive towards
and C2H4 oxidation and to be stable up toT5800 K.

Our XPD data allow to assign both O530 and O528
Ag~001! to adatoms: the former species sits slightly bel
the topmost Ag atoms on a missing-row reconstructed
face, while the latter is 0.6 Å above the fourfold hollow
the unreconstructed surface. The adsorption geometries
in agreement with the observed different chemical react
ties, as oxygen sitting in a slightly subsurface site is l
accessible to adsorbed CO molecules. The decrease o
work function reported by Engelhardt and Menzel4 upon
oxygen exposure below room temperature can be expla
by the combined effect of the slightly subsurface position
the oxygen~negative dipole! and by the substrate reconstru
tion that decreases the surface atoms density. Finally,
Ag 3d5/2 chemical core-level shift indicates that the stoc
ometry in the surface oxide layer is closer to Ag2O than
AgO, in agreement with the formation of Ag-O chains in t
missing-row reconstructed phase. All experimental inform
tion combines therefore in a coherent picture.

When oxygen dissociation takes place below room te
perature also some O528 is produced@Fig. 1~a!#. It could be
observed only for grazing incidence conditions, correspo
ing to the largest XPS cross section for this species,
rapidly disappears after dosing, being unstable at lowT. We
suggest that such adatoms occupy temporarily the four
site between the missing rows~see Fig. 15!.

The surface core-level shift of the Ag 3d5/2 peak in the
presence of oxygen is independent of the adatom moiety
implies a positive charging of the Ag atoms.52 This indicates
that O528 and O530 are in thesameoxidation state and tha
the shift of the O 1s binding energy between the two mo
eties results from a larger screening with positively charg
Ag ions for O530. The distinction of ‘‘oxidic’’ and ‘‘cova-
lent’’ states18 is thus inappropriate. The screening effect is
accord with the deeper adsorption site of O530 and with
still larger binding energy observed for the subsurface s
cies ~O531! which is in contact with even more Ag ions. I
agreement with this the O530 moiety forms when oxygen
coadsorbed with alkali atoms.48

From the experiments of Baoet al.15 we know that O530
(Oa) is produced after extremely large oxygen doses,
which oxygen diffusion into the bulk has surely occurre
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The same is true for the study of Bukthyarovet al.,18 who
also exposed the Ag foil to atmospheric pressure. On
contrary Campbell16,17 never observed O530 while expose
to relatively small oxygen doses. We propose therefore th
certain concentration of oxygen in the first subsurface la
~O531! is needed before conversion into O530 and subst
reconstruction become energetically favorite. O530 could
cordingly exist only when stabilized by O531. The presen
of this latter species is demonstrated by the binding-ene
shift towards a higher value observed for the O 1s peak at
the phase transition temperature@see Fig. 4 and Fig. 6~a!#
and by the evident delay between the moment in which O
starts to grow and the moment in which O528 starts to d
appear@see 6~b!# in the reconversion process. The latter
thus triggered by the accumulation of oxygen in the imm
diate subsurface sites, which makes O528 unstable. The p
ence of oxygen dissolved in the deeper subsurface layers
the contrary, cannot be checked directly with XPS at
photon energies available at SuperESCA. Its existence w
however, proved by Baoet al.15 with a conventional x-ray
source. We suggest that it is responsible for the stabiliza
of O528 on Ag~001!, as the latter species did not form upo
heating an O530 layer above room temperature when2
dosing was performed immediately after extensive surf
preparation.

The proposed scenario implies that occupation of sub
face sites under the Ag atoms in the first layer takes pl
more easily for Ag~001! than for Ag~111! and Ag~110! for
which O530 was never observed when dosing in UHV co
ditions. This means, for the~111! and~110! faces, either that
less oxygen can migrate subsurface or that the subsur
site corresponding to O531 is not stable. The first possibi
might apply to the closed-packed Ag~111! face, but it is
more difficult to rationalize for the open Ag~110!. However
it is known that in the latter case the surface reconstru
with added O-Ag rows that might hinder subsurface mig
tion ~directly or indirectly, e.g., by impeding the diffusion o
the adatoms to defect sites!. Indeed, we showed some yea
ago that a strong disordering of Ag~110! takes place at oxy-
gen dissociation if the crystal temperature is below the on
which the onset of the added-row reconstruction occur54

Under those conditions two oxygen moieties showing v
different reactivities with respect to CO oxidation could
identified by Burghaus and Conrad.22 Surface disordering
upon dissociation was not observed by scanning tun
microscopy55 and is therefore indicative of subsurface migr
tion of the oxygen. The unreactive oxygen adatoms co
thus correspond to O530 stabilized also in this case by s
surface oxygen in the immediate subsurface region.

In conclusion, we propose that on Ag~001! at 300 K the
onset of thermal mobility of the subsurface species deple
the oxygen concentration in the immediate subsurface
gion, making O530 unstable. The adatoms convert then
O528. When cooling the sample segregation from the b
towards surface and immediate subsurface region occur
demonstrated by the formation of O531 and by the fact t
after the reconversion process the coverageQO530 can be
larger than the initial value ofQO528 @see 6~b!#. The occur-
rence of segregation to the immediate subsurface region
plies that the potential well for oxygen is deeper than
bulk sites, so that atT5100 K migration off it can be in-
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hibited while between bulk sites it is still active. When th
subsurface oxygen concentration~i.e., O531! reaches some
critical value, O528 converts back to O530. Within thi
frame the time constant of the backconversion process wo
naturally depend on the subsurface oxygen content, thus
plaining the different value found in the different beam
times. In the second run, in fact, the subsurface concentrat
of oxygen is likely to have been larger than in the last on
since the sample had remained several months expose
atmospheric pressure before being inserted into the UH
chamber of the SuperESCA beam line, while in the last bea
time it had been transferred directly from the UHV chamb
in Genova to the one in Trieste. Typical time constants
3000 sec were then measured for the backconversion p
cess, to be compared with those of about 20000 sec obser
in the last run.

The lower thermal stability of O530 in our experimen
compared to the one reported by Baoet al.13 and Bukthyarov
et al.,18,19should be related to the different concentrations
dissolved oxygen obtained when dosing in ultrahigh vacuu
as we did, and at atmospheric pressure, as done in R
13,18, and 19. We can therefore be reasonably confident
our O530 coincides with the Oa of Bao et al.13 and with the
‘‘covalent’’ oxygen of Bukthyarovet al.18

Finally, we would like to comment on the production o
oxygen with a binding energy of 529.0 eV obtained after C
oxidation ~see Fig. 18!. Oxygen with such a binding energy
could be produced also on Ag~111! and was associated to the
formation of a surface oxide layer.15 Such oxide was dem-
onstrated to be active in the catalytic methanol oxidation56

As the ~111! geometry is essential for its production, w
assign our oxygen at 529 eV to the growth and oxidation
~111! microfacets at the steps oriented along the~110! direc-
tion on Ag~001!. Steps along such direction have indeed th
lowest energy on this surface and should be relatively abu
dant.

As a last experiment, we tried to run the epoxidation r
action by dosing C2H4 on the O530- and O528-covered
Ag~001! surface in order to test the role played by thes
oxygen moieties in the catalytic reaction. According to Buk
thyarovet al.18,19the reaction should run when both moietie
are present on the surface as one is reactive, while the o
stabilizes ethylene adsorption. No ethylene epoxide form
tion was, however, detected in our experiment independen
of the relative abundance of O530 and O528 on the surfa
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neither as an adsorbate by HREELS nor in the gas phas
mass spectroscopy. The reaction probability is thus estim
to be smaller than 1025. Microreactor studies estimated in
deed the reaction chance to be of the order of 1028 at 573 K
~Ref. 57! so that no products are expected to be detectabl
our experimental conditions. Our negative result indica
that, if identification of O530 with the relevant species acti
in partial oxidation of C2H4 were correct, some energy ba
rier must still be present, which could not be overcome
our supersonic molecular-beam experiments.

V. CONCLUSIONS

In conclusion we find that when dosing at 150 K, oxyg
on Ag~001! induces a missing-row reconstruction of the su
strate and forms a species characterized by an O 1s binding
energy of 530.3 eV. Such phase is stable up toT5300 K,
when it starts to transform into another phase character
by the smaller O 1s binding energy of 528.3 eV. Simulta
neously, surface dereconstruction and oxygen dissolu
into the bulk occur. Further faint peaks were observed
particular experimental conditions atEB(O 1s) of 530.9 eV
and 529.0 eV and were assigned to oxygen below the
Ag layer and to a surface oxide phase on Ag~111! facets,
respectively. O530 and O528 eV were investigated
HREELS, XPS~core levels and valence band!, and XPD
demonstrating that the phase transition implies a chang
the adsorption site as well as in the chemical reactivity. T
reconstructed O530 phase could be restored by cooling
sample below room temperature. The recovery time as w
as the reactivity of O528 towards CO oxidation were fou
to depend on the history of the sample being most proba
determined by its subsurface oxygen content.
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