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Abstract. Results on the scattering and the dissociative sticking gfn@lecules on the
Ag(110) surface are presented. The dependence on the incidence energy and angle of the
molecules is investigated by employing molecular beam techniques. Both the angle with
respect to the surface normal and that with respect to(1i6) azimuthal direction on the
surface are varied. Thel10) and (001) azimuthal directions display a different corrugation

as observed by the incident molecule. Dissociative sticking is observed to proceed via the
molecular chemisorption state and is strongly enhanced by the incidence energy. An azimuthal
dependence of the sticking is observed. Results on the desorption &b@ the Ag(110)
surface are also given.

1. Introduction

By studying the fundamental properties of gas—surface reactions on well defined surfaces,
insight can be gained into the mechanism of chemical reactions taking place at
technologically important surfaces, for instance in catalysis. In such a practical situation, the
surface will not be well defined, whereas in most fundamental studies a well characterized
single crystal is used. Studying the gas—surface interaction of one gas with the different
surface planes of one solid material may lead to more insight into the fundamental properties
of the interaction. Changing the surface plane alters the geometric and electronic properties
presented to the molecules: hence their role in the interaction can be addressed. The
interaction of oxygen with the different surface planes of silver is a good candidate for such
a comparative study.

The Ag(111) and Ag(110) surfaces have almost identical binding states for oxygen:
a shallow physisorption state, a stronger molecular chemisorption state, an atomically
adsorbed state and a subsurface one as has been recently reviewed by Besenbacher and
Ngrskov [1]. The charge transfer to the oxygen molecule in the molecular chemisorption
state may be somewhat different for the two surfaces. Desorption measurements reveal
almost identical desorption temperatures from these two surfaces for these different
adsorption states and the same behaviour for oxygen adsorption may be expected. However,
this is not the case. Adsorption measurements from an ambient gas show a difference of at
least two orders of magnitude in both the molecular and the dissociative sticking probability
with the sticking for the Ag(111) having the lowest probability, of the order of’2Q0-°
[2, 3, 4]. These measurements show a different reactivity with oxygen for the two surfaces
and the question arises of whether oxygen adsorption occurs via similar processes on both
surfaces or not.
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We have already carried out a number of experiments addressing the interactign of O
with the Ag(111) surface using a supersonic molecular beam. Both sticking and scattering
experiments were done. The scattering experiments showed a large increase in surface
corrugation for normal-incidence energies exceeding a threshold energy of 0.2 eV [5].
Above the same threshold energy, transient trapping—desorptionaiftde Ag(111) surface
was observed. It was suggested that this involved the trapping of oxygen molecules into
the molecular chemisorption state without equilibration and a subsequent desorption of
molecules [6, 7]. Transient trapping shows a maximum probability of approximately 30%.
The incidence energy and angular dependence of the molecular chemisorption coefficient
follows the transient trapping probability, but with a probability approximately three orders
of magnitude lower. The dissociative sticking was seen to proceed via the molecular
chemisorption state in a thermal process [8]. A direct process to dissociation was also
observed, overtaking the precursor process at incidence enéiggseeding approximately
1 eV and for incidence angl&s close to the surface normal. The energy threshold observed
for transient trapping and the population of the molecular chemisorption state is identical to
the one found for the increased surface corrugation observed in scattering. It was suggested
that a first step to molecular chemisorption is transient trapping followed by desorption or
equilibration in the molecular chemisorption well.

The Ag(111) surface is relatively smooth with a hexagonal close-packed structure. The
Ag(110) surface consists of rows of close-packed surface atoms id16gdirection. This
results in a strong surface corrugation in #@921) direction. Molecular and dissociative
sticking at the Ag(110) surface has been measured using a molecular beam by Vattuone
et al [9, 10, 11, 12] and Roccat al [13]. For this surface the dissociative sticking was
also observed to proceed via the molecular chemisorption state. However, the population
of the molecular chemisorption state occurred with a probability three orders of magnitude
higher than on the Ag(111) surface. The dependenc&ioand6; seems almost identical
for the two surfaces. Vattuonet al could not reach incidence energies ovgr= 0.6 eV
and were therefore only able to observe an increase in the sticking at e Ag(110)
surface with increasingsj. A saturation of the sticking coefficient with further increasing
incidence energy or even a decrease after reaching a maximum value, such as we observed
for the O—Ag(111) system, could not be reported. More information on the dependence on
E; andg; will certainly help in deriving a better physical picture of the adsorption process.
The transient trapping of oxygen found at the Ag(111) surface may also play a role at the
Ag(110) surface. Experiments on this matter are presented here.

Scattering experiments will also be discussed. From these measurements one obtains
information on the energy transfer in the scattering process and on the degree of surface
corrugation as experienced by the incidentr@olecule. The existence of transient trapping
and desorption from the molecular or atomic chemisorption state may also be visible in the
time-of-flight (TOF) spectra recorded for the scattering experiments.

2. Experimental procedure

The experiments have been performed in a molecular beam machine described before [5]
and shown in figure 1. Briefly, it consists of a triply differentially pumped molecular beam
line connected to a UHV scattering chamber. The first stage contains the nozzle and the
second stage of the beam line contains a chopper. Both a double-slit 0.5% duty cycle
chopper and a 50% one are used. A beam flag to switch the beam on and off is also present
in the second stage. The third stage acts as a buffer chamber. The molecular beam is
generated by a supersonic expansion of a gas mixture of oxygen and helium fronp.am 80
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Figure 1. An overview of the experimental set-up. It shows the molecular beam line, consisting
of three pumping stages, connected to a UHV chamber in which the sample is mounted on a
sample manipulator. The cover of the UHV chamber, to which a differentially pumped mass
spectrometer is connected, can be rotated.

CW quartz nozzle. By changing the oxygen/helium ratio in the gas mixture and heating the
nozzle, we can vary the translational energy of the oxygen molecules from thermal to about
1.8 eV. Electronic flow controllers control the flows of oxygen and helium.

The sample is mounted in the middle of the UHV chamber on a three-axis goniometer
[14]. A quadrupole mass spectrometer (QMS) can be rotated around the sample to detect
the particles leaving the surface after desorption or scattering. Combining the movements
of the manipulator and the rotatable QMS gives accurate control (by computer) over the
angles6;, ¢i, 6; and ¢. 6; is the incidence angle and is measured with respect to the
surface normalg; is the azimuthal angle of the incident particle measured with respect
to the (110) azimuthal direction on the surfacé, is the scattering angle measured with
respect to the surface normal apdis the angle of the scattered particle measured with
respect to the incidence plane. By moving the sample out of the beam, the TOF of the
direct beam can be recorded. In this way the translational energy of the oxygen molecules
is derived for the different nozzle temperatures and flow settings. Liquid nitrogen cooling
allows a minimum sample temperature of approxima®&ly= 160 K to be achieved. The
sample temperature is measured with a thermocoax K-type thermocouple inserted in the side
of the sample and is controlled by a commercial controller. The controller allows linear
ramping of the sample temperature employed in this study for the temperature-programmed
desorption (TPD) measurements

A residual-gas analyser (RGA) is present for monitoring the background gas and an ion
sputter gun for cleaning the sample. The RGA has been calibrated for the absolute oxygen
partial pressure rise in the system [8]. Monitoring the background pressure gives values for
incident flux and desorption rates in the TPD experiments. Surface coverages can be given
since the surface area covered by the molecular beam (9%/ow8’ + 5%) is known and
are in accord with observed LEED patterns [8].
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The samples are cut by spark erosion from a single-crystal rod of 5N purity to within
0.1° of the (110) plane and polished by standard polishing techniques. Once in UHV the
sample received a treatment of sputtering (500 eV Ams, T = 600 K) and annealing
(Ts = 800 K) cycles until the angular width of the specularly reflected He intensity was
approximately 2, which is the angular resolution of our experiment. For He scattering along
the (001 azimuth of the surface, which is the corrugated direction, we could measure the
second-order diffraction peak and at least 25% of the incident He flux could be accounted
for in the detected scattered flux. To further check the surface quality, the system is also
equipped with LEED and AES.
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Figure 2. An oxygen partial pressure trace displaying the method of King and Wells for
measuring the sticking probability. The left-hand axis shows the oxygen partial pressure in the
system and the right-hand axis the number of molecules reflected from the incident molecular
beam.

Sticking probabilities above 0.05 are measured with the method of King and Wells
[15]. In this method the partial pressure of the reactive gas is monitored in time. A partial
pressure trace for £s shown in figure 2. Beforg the beam is prevented from entering the
UHV chamber by closing the beam flag in the beam line (see figure 1). The partial pressure
measured is the residual oxygen pressure of the system. Then the beam is allowed to enter
the UHV chamber at time, by opening the flag in the beam line, but it is not allowed to
hit the sample by keeping the flag in the UHV chamber closed. The observed pressure rise
is proportional to the incident flux of Omolecules. Upon opening the UHV beam flag at
time 7, the partial pressure will drop due to oxygen sticking to the surface and the partial
pressure decrease is proportional to the number of molecules that stick to the surface. Taking
the ratio of pressure drop and pressure rise, denotedaasl b, respectively, in figure 2,
yields the initial sticking probability. The pressure increase after the sharp drop reflects a
decrease in sticking with increasing surface coverage. By integrating the pressure drop one
can obtain the sticking coefficient as a function of the surface coverage. No increase in
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pressure is observed when the beam is allowed to hit the (inert) UHV flag, which indicates
that no adsorption occurs at this beam flag. At timeands, the UHV flag and the flag in

the beam line are closed, respectively. The left-hand axis of figure 2 is the partial oxygen
pressure expressed in mbar. It shows that the pressure increase in the system due to the
oxygen in the beam (0.5% chopper) is in the¥ombar range. The right-hand axis shows

the number of oxygen molecules that scatter from the surface and thus contribute to the
partial pressure rise in the system. It is expressed as the number of molecules hitting the

area occupied by one Ag atom at the Ag(110) surface (M)Sper second. The surface

may in this case be either the UHV flag or the sample surface. We employed the 0.5%
duty cycle chopper for these measurements to reduce the average flux entering the UHV
chamber and incident on the surface, to minimize the error due to the vacuum time constant
of the UHV system.

Sticking probabilities below 0.05 were measured using the 50% chopper by determining
the ratio of molecules that have stuck to the surface and the oxygen dose at the surface in
the limit of zero coverage. The oxygen dose is derived by integrating the partial pressure
rise in the system during dosing and the number of molecules that have stuck by measuring
and integrating a TPD spectrum after adsorption [8]. The sensitivity of the RGA should be
kept identical for the two measurements.

For the TOF experiments, the flight time of the oxygen molecule was measured from
the 0.5% duty cycle chopper in the beam line to the rotatable QMS. The delay between the
time pick-off from the chopper blade and the passing of the beam is calibrated by varying
the chopper rotation speed. Detected particles, marking the end of the TOF, were counted
by a home-built multichannel scaler in/2s bins. In analysing the TOF spectra, the ion
flight time through the QMS was subtracted from the TOF time axis. The recorded TOF
spectra are fitted to shifted Maxwell-Boltzmann distributions convoluted over the finite
chopper opening time which yields the mean energy per paftiglein the beam [16, 17].

From the TOF distributions of both the incident and scattered particles a relative value for
incident and scattered flux can be found and also the mean values for the éhgifythe
incident and scattered or desorbing particles. The scattered flux is corrected for the incident
flux. In the text(E) will be replaced byE.

3. Results and discussion

Results on scattering, sticking and desorption of for the Ag(110) surface will be
presented. Scattering and sticking has been done along botkl1e and the (001)
azimuths. Sticking and desorption measurements are done for the dissociated state only,
since we could not reach a low enough surface temperdiute isolate the molecular
chemisorption state at the surface.

3.1. Oxygen scattering

Angularly resolved scattering results expressed in scattered flux and in the ratio of the
energy of the molecule after the collisiaty and the incidence energlf; are shown in
figures 3 and 4 for differenk; at a fixedTs and for differentTs at a fixedE;, respectively.

All scattering measurements were carried out in the plane of incidefice 0°) and for

0; = 40°. The left-hand panels show the results for scattering alongh@® azimuth and

the right-hand panels for the scattering along tb@l) azimuth. To prevent the uptake of
dissociated oxygen at & below the recombinative desorption temperaturd of 600 K,

we increased the background CO partial pressurexd@ ' mbar during the experiments
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Figure 3. Angularly resolved energy (bottom panels) and flux (top panels) distributions of O
molecules scattered from the Ag(110) surface o 40°, Ts = 650 K and severaEj. The

lines through the data points are to guide the eye only. The thick line in the lower panels
holds for parallel momentum conservation and the dashed line for hard-sphere scattering. The
left-hand panels show scattering along #140) azimuth and the right-hand panels scattering
along the(001) azimuth. A top view of the Ag(110) surface is shown in the top right-hand
panel with the small circles representing the second-layer atoms.

to react the adsorbed oxygen off, forming £0Below T = 300 K, the silver surface
becomes covered with a carbonate species in this process, as has been observed before
[3, 18], preventing scattering experiments below this surface temperature. The top panels
of both figures show the scattered relative flux normalized to the maximum scattered relative
flux value found, which is forEj = 0.26 eV along the(001) azimuth. It is observed that

the scattered flux detected along td0) azimuth is considerably lower than that detected
along the(001) azimuth. The bottom panels of both figures show the energy ratipE;
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Figure 4. Angularly resolved energy (bottom panels) and flux (top panels) distributiong of O
molecules scattered from the Ag(110) surfacedioe 40°, E; = 1.00 eV and severdls. The

lines through the data points are to guide the eye only. The thick line in the lower panels
holds for parallel momentum conservation and the dashed line for hard-sphere scattering. The
left-hand panels show scattering along #140) azimuth and the right-hand panels scattering
along the(001) azimuth.

for the scattered molecules. The thick line is according to parallel momentum conservation

in the

collision and the dashed line according to a binary collision (‘hard-sphere scattering’)

of a mass 32 (@ with a mass 108 (Ag) [5].

Tu
azimu
low E;
directi

rning our attention first to figure 3, one observes that scattering alongOti

th results in a broader angular flux distribution for the diffefgnespecially true for

. The maximum in the distribution has also shifted further away from the specular
on towards the surface. Scattering along this azimuth means scattering across the

rows on the Ag(110) surface and thus along the most corrugated direction on this surface.
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However, it does not lead to less detected scattered flux than for scattering along the rows
(the (110) azimuth). We attribute the observed difference in scattered flux intensity along
the two azimuths to a defocusing of the flux for scattering along(1i€) azimuth. This
defocusing has been observed for ion scattering along this orientation [19, 20], when the
ion is incident ‘on top’ of the rows. A weak focusing was observed for ions incident in
the grooves. An @ molecule is easily scattered away from the plane of incidence if it

is incident along the rows of the surface corrugation and a broader out-of-plane intensity
distribution than for thg001) azimuth should be the case. We have not carried out such
an out-of-plane measurement. A difference in sticking probabilities cannot account for
the difference in the intensities of observed scattered flux since they only show a relative
difference of approximately 16% and sticking is even larger for(@@l) azimuth as will

be shown later. The observed broader intensity distributions in the incidence plane should
also lead to a decrease of the maximum intensity. For the lafgeshe scattered flux is
observed to have increased for subspecular scattering angles.

The shape of the angular distributions along 10€1) and (110) azimuths is very
different and is due to the different corrugation. Helium scattering shows only specular
scattering along th¢110) azimuth [21, 22]. Scattering along this azimuth is quite similar
for both He and @ to scattering from the Ag(111) crystal [5]. A peak around the specular
direction is observed with a shoulder towards smaller The specular peak may be due
mostly to scattering from the bottom of the f{afL0) grooves (from the second-layer atoms).
The shoulder may be due to the enhanced local, hard-sphere-like corrugation as is also seen
for Ag(111) and due to zigzag multiple collisions in the grooves. Along(@®) azimuth,

He scattering shows three diffraction peaks [21], which indicates a corrugation of the surface.
It should be noted that no rainbow scattering is observed and that the corrugation is not
very strong [23, 24]. The @scattering shows a pronounced broadening and a shift of
the peak position towards the surface. This is indicative for a much stronger corrugation.
Such an effect has been observed fop 6tattering from Ag(111) [25], NO scattering
from Pt(111) [26, 27] and ©scattering from W(110) [28]. The shift in the present case

is stronger. Kara and DePristo performed calculations of the angular distributions for N
scattered from W(110) and a similar shift to that in the present work was found [29]. The
potential energy surface used in these calculations shows a strong corrugation of the surface
and was designed to explain the scaling of the probability of sticking,adiNwW(110) with

total rather than normal energy. The resemblance clearly indicates that the potential along
the (001) direction is corrugated.

The energy transfer is also quite different along the two azimuths except at the highest
E; of 1.46 eV. For thiskE;, the energy ratio curve follows the hard-sphere scattering line
quite closely and the scattered molecules must have experienced a very corrugated surface
in both cases. At the loweE;, the energy ratio curves for thd10) azimuth show some
resemblance around the specular direction to the curve for parallel momentum conservation.
As we also observed for scattering from the Ag(111) surface, some of the incident flux
experiences a rather flat surface and another part a more corrugated surface [5]. This is
not the case for thé001) azimuth. No indication for parallel momentum conservation is
observed. The energy ratio curves are observed to shift upwards and to run horizontal for
decreasingEj. For Ej = 0.26 eV, the energy ratio curve is almost constant a%eand
displays that approximately 85% @ is conserved in the collision. This is a larger value
than the one found for the scattered flux along the other azimuth or fac&ttering from
the Ag(111) surface. It shows that for scattering along {®@l) azimuth at lowE;, the
scattering process is remarkably different from both parallel momentum conservation and
the binary collision model.
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ChangingTs for both azimuths and foE; = 1.00 eV does not have a drastic effect
on the energy transfer as can be seen in figure 4. ForGB& azimuth, the scattered
flux increases at subspecular angles and for(ffi®) azimuth a slight overall change is
observed. The most striking observation in the scattered flux distributions is the sharp drop
in intensity atg; = 80°. It is observed for both azimuths, but is most pronounced for
the (110) azimuth. The feature a = 80° along the(110) azimuth may be due to the
preferential focusing of molecules along the grooves discussed above.

Sticking of G in the molecular chemisorption state can reach a probability of up to
50%, exceeding the probability for dissociative chemisorption at tiigsBesorption from
this state should be visible in the measured TOF spectrdls At 650 K, desorption from
the dissociated state can also occur. However, the maximum dissociation probability of 5%
and the long surface residence time compared to the time-scale of the TOF & wilk
make desorption from the latter state invisible in the TOF spectra. For scattering of O
from the Ag(111) surface, we did not observe desorption from the molecular chemisorbed
state since the corresponding sticking probability is too levt@ ). Instead, we observed
transient trapping—desorption of @olecules, with a sharply peaked desorption distribution
around the surface normal [6, 7]. This may also occur at the Ag(110) surface.

The occurrence of desorption features is not obvious from the TOF spectra measured for
the Q—Ag(110) system. A single shifted Maxwell-Boltzmann distribution seems sufficient
to make a good fit to the TOF spectra. No desorption of molecules according to a non-
shifted Maxwell-Boltzmann distribution with a temperature closd4dés observed. Still,
adsorption—desorption from the molecular state should have a large probability. It may be
that the desorbing molecules have superthermal energies due to a barrier in the desorption
path above the vacuum zero level or that the molecules have not completely thermalized
in the molecular well. The transient species observed on Ag(111) displayed a strong
dependence offs and was only well resolved beloW; = 300 K. The results shown
in figures 3 and 4 are obtained by fitting one shifted Maxwell-Boltzmann distribution to
the measured TOF spectra.

3.2. Oxygen sticking

Figures 5, 6 and 7 display the initial dissociative sticking probability measured as a
function of Ej, 6;, ¢ andTs. s, o Shows an increase with increasiigup to Ej ~ 0.75 eV,
which agrees very well with the measurements of Vattueinal (see [9, 30]).

sp,0 IS Observed to increase with decreasifigas was also observed by Vattuoae
al. This Ts-dependence is explained by first sticking into the molecular chemisorption state
followed by dissociation via a thermal process. With a subscripte will refer to the
dissociated state and with a subscrifdb the molecular state. Sinego is governed by the
competition between desorption and dissociation from the molecular state, it is given by the
ratio of the rate constant for dissociation and the sum of rate constants for dissociation and
desorption and can be written as

-1

Su.0 ku di v E —Eo

So.0= O = [1 4 Dwdes exp<_MeSW"SSﬂ @)
kM,diss‘i‘ kM,des Vn.diss ke Ts

with the rate constant given by

1 E
k= —=v exp<—kBTs) 2

wherev, 4es and vy giss are the prefactors for desorption and dissociat®pges and Ey giss
the activation energies for desorption and dissociation from the molecular chemisorption




2256 A Raukema et al
10° . " r ; . 10°
o s e Mmoo Momrmmre “~o | e 3
2 . w2
2
% 107} 1 S - SRl I 107"
o
Q
o
[« %
o
£ 0,~Ag(110)
21072 Te=300K | | 10-2
® x ©;=0°
2 [ * O 0;=35°
° A A ©=60°
O
(o]
g -3 —_ -3
2107} {F ao (170y 110
8 . 4 e (001)
£
1074 . . . . 1074
0.0 0.5 1.0 1.5 0.00 0.25 0.50 0.75
incidence energy (E) [eV] normal energy {(Ei)-cos?0, [eV]
Figure 5. The dissociative sticking probability as a function of both total and normal-incidence
energy for differeny; along both the(110) and (001) azimuths. Lines through the data points
are to guide the eye only.
0.7 . r 0.7 v : 53 v
0,~Ag(110) x 0=0° O,—Ag(110) 9= T T T
° Ts=300K * O §=35° Tg=300K
F06} A A @=60° 0.6 } E=0.48eV .
2 02} " :
3 a 0 (170) x X ox X
‘8 05 s v {(001) 4+ 05} E
3. o1} :
2o} 0.4 | X ©=40°
e
L
B ool L . .
i i 0 30 60 90
2 0.3 0.3 azimuth ¢ [*] ]
5
S
2 0.2} 0.2} g
2
8 .
E 01r 1 91F 0 (110),4=0° 1
» (001),$;=90° o)
0.0 : ‘ - 0.0L : ; . =
0.0 0.5 1.0 1.5 20 40 60 80
incidence energy (E) [eV] incidence angle ©, [°]

Figure 6. The dissociative sticking probability as a function Bf is displayed in the left-
hand panel for several along both azimuthal directions. The right-hand panel shows the
vi-dependence for onE; and the inset shows the dissociative sticking probability when varying
the azimuthal angle. Lines through the data points are to guide the eye only.
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state, sy.0 the initial sticking probability into the molecular chemisorption state apnd
Boltzmann’s constant. The full line shown in figure 7 is a fit to the data according to this
model. All values except, o are expected to be equal for the data for bathshown. It

is a pure coincidence that the data for the tWoexactly coincide, meaning thaf, o is
equal for bothE;. The value found for, o at E; = 0.49 eV is equal to the one reported
by Vattuoneet al. The values for the difference in desorption energies and the ratio of
prefactors differ slightly from the ones found by Vattuagteal vy gedvy diss= 107+ 28 as
opposed to 40 and,, qes— Ew diss = 0.14+ 0.01 eV as opposed to 0.112 eV for our results
and the results of Vattuoret al, respectively. The dashed line in figure 7 is according to the
results of Vattuoneet al. The initial molecular sticking probability, o as a function ofE;

andg; has been measured directly by Vattu@tal [9] and Rocceet al [13] and is identical

to the dependence af o on these parameters fd; up to 0.8 eV. This observation and
the Ts-dependence found by Vattuoet al and us below and abovE; = 0.8 eV indicates

that dissociation is preceded by molecular chemisorption. No other model is available to
explain this behaviour.

Figure 6 showss, o for severalg; along different azimuthal directions. It is clearly
observed that an azimuthal dependence is present in the sticking as was first reported by
Vattuoneet al [10]. The largest absolute difference between(ttikd) and the(001) azimuth
observed is approximately 0.05. A variationfy with the azimuth varied in small steps
is shown in the inset of the right-hand pane},o for the differentd; and both azimuths
is also shown in figure 5 on a logarithmic scale as a function of both total and normal-
incidence energy. It is observed that the azimuthal dependence is most pronounced between
E; ~ 0.3 eV andE; ~ 1.2 eV. Above and below thi&j-interval, the probabilities for the
two azimuths are almost identical. In figure 5 it is obvious that the energy scaling of the
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dissociative sticking is between total energy and normal energy scaling. From the plot of
$p.0 ON a linear scale as a function of total eneiy(the left-hand panel of figure 6) an
energy threshold of approximately 0.2 eV is observed. For the Ag(111) surface, a value of
0.2 eV was found as a threshold in the normal-incidence endfgyo€ 6;) for an increase
in surface corrugation and for transient trapping and molecular and dissociative sticking to
occur [5, 6, 7, 8]. Sticking and scattering is almost identical along(146) and the(001)
azimuth forE; > 1 eV and is explained by the interaction of the Bolecule with primarily
one Ag atom for thesé&;. The right-hand panel of figure 6 shows the decreassg énfor
E; = 0.48 eV with increasing); for both azimuthal directions.

For the Q—Ag(111) system, a second process for dissociative sticking was found above
E; ~ 1 eV anddg; < 60° [8]. However, even the increase ipo due to this process resulted
only in a maximum value of 2103, This process, which was attributed to a direct
dissociation channel, may also be present for theA@(110) but is not visible because
the observed indirect dissociation process is three orders of magnitude larger than for the
Ag(111) surface.

We have also studied the dissociative sticking as a function of the surface coygrage
It is found thats, is initially rapid followed by a slower uptake fap, above approximately
0.08 ML. The sticking probabilities reported above were the initial sticking probabilities
and hold for this ‘fast’-uptake regime. After this first uptake regime the sticking probability
drops to a value of the order of 1) These results will be published in a separate paper [31].

3.3. Recombinative oxygen desorption

The asymmetric shape of the TPD spectra suggests that the desorption is first apder in

If this is the case then the maximum desorption temperature should not shift for different
initial Y,. Figure 8 shows different TPD spectra taken at an equal heatingSrated
different initial Y,. A dramatic positive shift in the peak desorption temperature of 15 K is
observed with increasing, as is shown in figure 9. The peak shift reaches a saturation at
Ts ~ 587 K for initial coverages abow, = 0.25 ML. This surface coverage corresponds

to a (4x 1) structure. A peak shift withp, was also observed by Bowker, Barteau and
Madix [32].

The left-hand panel of figure 10 shows TPD spectra taken at diffgremtd initial Y,
larger than 0.25 ML. The peak desorption temperature is in this case independent of the
initial Y,. Assuming first-order desorption, from the slope W@al[ﬂ) versus 17peax as
is shown in the right-hand panel, a value for the desorption en€rgys is found. The
peak desorption temperatufigeax varies over a larger range than for recombinative O
desorption from the Ag(111) surface [8]. Using the value foundApges in the equation
for first-order desorption yields a value for the prefaatpges The values found from this
analysis aref, ges = 1.734 0.05 eV andv, ges = 10'49t04 51 However, simulating the
TPD spectra assuming first-order desorption using these values leads to simulated spectra
which are much broader than the measured TPD spectra [17]. Clearly, a simple first-order
picture is too simple.

Second-order desorption kinetics is expected for recombinative desorption of a diatomic
molecule, unless adsorbate interactions play a role. In this case, the TPD spectra may
appear first-order like. Bowker [33] simulated the recombinatiyeAg(110) TPD spectra
of Bowkeret al [32] using a function described by King [34], which takes lateral interactions
into account. These simulations showed a peak shift to higheiith increasing initialy,
and described the data very well. The values of the parameters use&wgre= 1.52 eV,

Vo.des = 4x 10 s7! and 0.145 eV for the adsorbate attractive interaction energy. It was
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Figure 8. TPD spectra taken for different initial coveradls at equal heating ratg. The full
lines are from a simulation according to the formalism of Zhdanov withes = 10 s, The
values of the parameters are shown in table 1.

590 } 0,-Ag(110) |
$=2.5K/s
o)
el o]
585} J
(4x1)
<
§580 - E
)
1ML=10/Ag
575}
570

0.00 0.25 0.50 0.75 1.60
O—atom coverage V, [ML]

Figure 9. The peak temperature of TPD spectra taken at eguédr different YJ,. Most
corresponding TPD spectra are shown in figure 8. The line through the data points is to guide
the eye only.
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Figure 10. The left-hand panel shows TPD spectra for differénand from the slope of the
linear dependence shown in the right-hand panel a valu&dgs can be found.

pointed out that the latter is a net interaction energy equivalent to the sum of attractive and

repulsive interactions.

Table 1. Parameters in the Zhdanov formalism which give the best correspondence to the
measured data. The metal-metal interaction is kept fixegat= —0.01 eV.

Vp,des= 101 s71

vp,des= 1015 s71

B Wy, Ep des Enn Ep des Exn

25Ks! 0.037ML 1.600eV —0.190 eV 1.715 eV—0.180 eV
0.058 1.600 —0.190 1.715 —0.190
0.076 1.605 —0.190 1.723 —0.180
0.119 1.615 —0.170 1.732  —0.160
0.348 1.610 -0.135 1.732 —0.125
0.686 1.640 —0.075 1.760 —0.065
1.049 1.655 —0.050 1.780  —0.040

1.0Ks1 0320ML 1.605eV —0.145 eV

2.0 0.300 1.610 -0.145

3.4 0.265 1.615 —0.145

5.2 0.375 1.610 -0.130

Another option is the formalism given by Zhdanov [35] to simulate the measured

TPD spectra.

In this formalism, both an adsorbate—adsorbate interaction and a surface

reconstruction are taken into account. The results of those simulations carried out to fit our
data are the full lines shown in figure 8. In table 1, the parameters entering the formalism
are displayed. The prefactor was fixed at eithgges = 1071° s71 or 1074 s71 and the
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metal-metal attraction was kept fixedsf, = —0.01 eV for all the simulations. Varying

the latter did not have a large effect on the simulated spectra and both prefactors led to fits
of equal quality. It is observed th#, 4esincreases and the adsorbate—adsorbate interaction
e, decreases with increasing initigl,. A good correspondence between simulation and
data is observed except for for the largest initjgl However, the Zhdanov model is not
applicable to this initialp, since a reconstruction other than anx(1) structure is involved

[1]. The decrease in;, with increasing initiakp, probably points to an increase in repulsive
interactions for increasing,. The net interaction will therefore become less attractive for
increasingy,. The value found by Bowker [33] for the attractive interaction energy is in
the range found by us.

Canepeet al [36] also applied the Zhdanov formalism to their TPD data and also found
an increase irE; g4es With increasingls,, but an increase in;, with increasingy,. For the
TPD spectrum forp, = 0.5 ML, they found a decrease in the width of the TPD spectrum
with respect to the spectra taken at lowgr This is in contrast to our data. Since we dosed
with a molecular beam and they from a background gas, a different surface reconstruction
may have formed giving rise to a different TPD spectrum. However, we have observed a
(2 x 1) LEED pattern in the 0.5 ML range which is in agreement with their data and other
data available [1]. It is also hard to imagine that the reconstruction formed is dependent
on the dosing method. Another reason for the discrepancy may be that they detected O
molecules leaving the surface along the surface normal whereas we measured the integrated
angular distribution.

Using the Zhdanov model, one can obtain simulated TPD spectra which agree very
well with measurements. However, the values of the parameters in the model change with
surface coverage. Improvements to the model are therefore suggested. At the moment, only
an attractive interaction is included and no repulsive interaction to account for the spacing
between the oxygen and silver rows. It should also be noted that experiments show an
increase in the peak desorption temperature of the TPD spectra with increasingyigitial
This trend is reproduced by the Zhdanov model for initjgl exceeding 0.1 ML, but is
reversed for lower initialp,.

4. Sticking mechanisms

Comparing the results for the dissociative and molecular sticking,00©Ag(111) with

those on Ag(110), one observes that both surfaces show an increase in both sticking
probabilities with increasing; and with approximately equal threshold energy. A maximum

and a subsequent decrease in dissociative sticking is also observed for both the Ag(110) and
Ag(111) surface planes. However, a difference of over two orders of magnitude in sticking
probabilities is observed. For Ag(111), transient trapping pfri@lecules is observed which

is suggested to act as a precursor to molecular sticking. If transient trapping also occurs and
acts as a precursor for the Ag(110) surface, the probability for equilibration of the transient
species should be much higher. For the Ag(111) surface the transient has been connected to
the 03* molecular precursor. The lifetime in the transiently trapped state was sufficiently
long that it decays primarily through desorption, not through molecular chemisorption. Due
to the strong similarity of the probability for molecular and dissociative chemisorptide (
figures 5 and 6 and work by Vattuoret al [9]) it is clear that molecular chemisorption

acts as a precursor to dissociative adsorption. Therefore, we infer that at the Ag(110)
surface transient trapping occurs, which is followed by rapid molecular chemisorption. The
transfer from transient trapping to molecular chemisorption occurs so rapidly that even at
high energies*1 eV) molecular chemisorption occurs. The difference between the (111)
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and (110) faces may be due to the fact that at (110) the electron density in the grooves may
be higher, so bonding ofp in the grooves occurs more readily [37]. By contrast, on the
(111) face, bonding of p may be more difficult and involve defect sites. We note that in
the calculations by Van den Hoek and Baerends [38] fodiSsociation on a Ag(110)-like
cluster, the binding energy of the dissociated molecule (having an internuclear distance of
6 A) is much less than the binding energy of two O adatoms as follows from TPD. This
might be due to the fact that strong bonding is only obtained after formation of the Ag—O
added rows. Very recently, this was also observed by Getdl [37]. Formation of such
reconstructed surfaces may be much easier on the (110) than on the (111) face. STM studies
of the oxidation of the Ag(111) face, preferably using dosing by fast molecular beams, may
shed more light on this matter. It is clear from our work and the present STM studies that
oxidation of Ag(110) and Ag(111) is a complex process involving both complex adsorption
dynamics through the formation ongspecies and their subsequent dissociation involving
imperfections at the surface [31].

Just as for the ©@-Ag(111) system, for the £Ag(110) system no influence of the
molecular physisorption well on the dissociative sticking is observed. Such an influence
would show up as an increase in sticking for decreaging

5. Conclusion

It has been shown that the Ag(110) surface shows a different scattering behaviouyr for O
scattering and thus a different corrugation along (b@1) and the(110) azimuths up to
Ei ~ 1 eV atg, = 40°. The corrugation is approximately equal for the two azimuths
for E; > 1 eV atg = 40° according to the energy transfer of the scattered molecules.
Dissociative sticking probabilities are smaller along th&0) azimuth for energies between
E; ~ 0.3 eV andE; ~ 1.1 eV for 6 = 40° and E; ~ 1.3 eV for 6, = 60°. Hence the
more corrugated surface, as observed by the incident molecule, leads to a larger sticking
probability. A threshold ofE; ~ 0.2 eV in total translational energy is observed for the
increase in the dissociative sticking. It is seen to proceed via the molecular chemisorption
state. Desorption from the molecular state could not be distinguished in the TOF spectra.
This may be due to a barrier in the desorption channel or to the influence of the transient O
state. An influence of the physisorption state on the dissociative sticking is not observed.
TPD spectra taken are analysed using a first-order desorption model and give values for
the desorption energy and prefactor close to the ones found by taking adsorbate interactions
and a surface reconstruction into account according to the model of Zhdanov. However,
the parameters in this model are not constant for the different initial surface coverages.
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