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Oxygen adsorption and ordering on Ru„101̄0…
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The dissociative oxygen chemisorption on the Ru(1010̄) surface has been studied by monitoring the
changes of the O 1s and Ru 3d5/2 core levels and by measuring the evolution of the diffraction pattern during
oxygen exposure at 270 K. The sensitivity of core level binding energies to different geometrical configura-
tions, together with the measurements of the oxygen-induced diffraction spot profile along the@0001# and

@12̄10# directions, permit us to follow the details of formation of thec(234) and the (231)p2mg ordered
structures.
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I. INTRODUCTION

Oxygen chemisorption on fcc~110! transition metal sur-
faces has been a widely studied subject in surface scie
during the last few decades. This effort is mainly motivat
by the importance of oxygen as surface species in many
erogeneously catalyzed reactions. Moreover oxygen ads
tion induces on Cu, Ni, Pd, Ag, and Rh a surface reconst
tion, in which a considerable mass transport results
formation of missing or added rows. Surprisingly, only fe
investigations have been performed on the~110! fcc-like ter-
mination of Ru, i.e., the (1010̄) surface, and in particula
oxygen adsorption on ruthenium has been studied by O
et al.1 in the seventies and by Poulstonet al.2 Only recently
Schwegmannet al.3 presented detailed results of a structu
investigation of the Ru(1010̄) system, where a combinatio
of low energy electron diffraction~LEED!, high resolution
electron energy loss spectroscopy~HREELS! and density
functional theory~DFT! calculations has been applied. O
this surface oxygen adsorption leads to the formation o
c(234) and a (231)p2mg ordered structure, at coverag
of 0.5 and 1 ML, respectively. In both structures oxyg
adsorption is determined to occur at threefold hcp sites,
zig-zag arrangement along the@12̄10# direction.

This paper adds spot profile analysis LEED~SPA-LEED!
and x-ray photoelectron spectroscopy~XPS! data to the de-
scription of the O-Ru(101̄0) system. Qualitative and quant
tative information about the adsorption kinetics, oxygen
dered island formation and occupation of the adsorption s
have been obtained.

II. EXPERIMENT

The experiments were carried out in two different UH
chambers. The synchrotron radiation photoemission exp
ments were performed at the SuperESCA beamline
0163-1829/2001/63~11!/115410~7!/$15.00 63 1154
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ELETTRA.4 The chamber is equipped with a VSW class 1
16-channels electron energy analyser, LEED and mass s
trometer. The beamline provides photons between 180
1000 eV with a maximum resolving power of 104. In order
to acquire the XPS spectra at a fast rate during the oxy
uptake we used the following experimental conditions:~i!
the photon beam was impinging the sample at grazing an
(5°) with the electron energy analyzer at 45° respect to
sample normal, and~ii ! the beamline and the analyzer we
operated at a photon energy of 630 eV with an overall ene
resolution of 400 meV for measuring the O 1s, while hn
5400 eV was used in order to measure the Ru 3d5/2 signal
with a resolution of 65 meV.

The second UHV chamber, which is located in the S
face Science Laboratory of Sincrotrone Trieste, is equip
with an Omicron SPA-LEED system which allows the me
surement of the diffraction spots line shape. The trans
width of the instrument is better than 700 Å at electron
netic energy of 115 eV.

The sample was cleaned by cycles of Ar1 bombardment
at 1 keV and 400 K, annealing to 1400 K and oxygen tre
ment at 1000–1100 K. During the cooling the sample w
reduced in hydrogen (131027 mbar) in order to remove any
residual oxygen. Immediately before oxygen exposure
sample was flashed to 600 K to remove any residual
sorbed hydrogen, water or carbon monoxide. The oxy
adsorption experiments have been done by exposing
clean Rh surface to O2 at a constant temperature of 270 K

III. RESULTS

A. Spot profile analysis–low energy electron diffraction

It is known that at room temperature molecular oxyg
adsorbs dissociatively on the Ru(1010̄) surface.2,3 At this
temperature thermal desorption of oxygen can be neglec
©2001 The American Physical Society10-1
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the O atoms are bounded to the surface, but the mobilit
sufficiently high to reach thermodynamic two-dimension
equilibrium as manifested by the formation of a sequence
two ordered overlayer phases. The Spot Profile LEED m
surements of the oxygen induced half order diffracti
beams have been performed at constant temperature. Im
and line profile scans of the diffraction beams along

@12̄10# and @0001# crystallographic directions have bee
taken atT5270 K while dosing oxygen at 231029 mbar.
The temperature of the sample was kept constant to wi
62 K. The SPA-LEED was operated at 82 eV electro
beam energy.

The first distinguishable LEED pattern appears after
exposure of about 0.5 L and is characterized by~1/2,3/4! and
~0,1/2! diffraction spots, as shown in Figs. 1 and 2, where
I 1/2,3/4 and I 0,1/2 intensities and the widths of the diffractio
spots are plotted against exposure. The peak intensity an
full width at half maximum have been obtained by fitting t
spot profiles with a convolution of a Lorentzian and a Gau
ian function, after background subtraction~obtained by a lin-
ear fit of the tails of the peaks!. Along the@12̄10# direction
@Fig. 1~b!# the spots are quite sharp, while@Fig. 1~a!# broad-
ening along the@0001# direction indicates the developme
of anisotropic ordering process. With increasing oxygen
posure the spots become sharper and narrower indicating
the structural transformations are governed by formation
long-range ordered islands. At an exposure of about 1.

FIG. 1. Intensity~filled markers! and FWHM~open markers! vs
dose~Langmuir! of the ~1/2,3/4! diffraction spot along the@0001#

~a! and @12̄10# direction ~b! at T5270 K.
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the ~1/2,3/4! and ~0,1/2! spot reach the maximum intensit
and minimum FWHM, indicating the formation of thec(2
34) structure. Upon increasing the exposure (.1 L) the
~1/2,3/4! spots decrease in intensity and coalesce at sat
tion into the~1/2,1! spot. TheI 1/2,1 curve and the FWHM of
the ~1/2,1! spot profile measured along the@0001# ~a! and the

@12̄10# ~b! directions are plotted in Fig. 3. This structure
also composed of island about 2 times wider along

@12̄10# direction than along the@0001#, as judged by the
FWHM of the diffraction spot. At saturation a non-primitiv
(231) structure is reached. For normal incidence, all fra
tional order spots (n11/2,0) with n50, 61, 62, . . . , are
missing, indicating the existence of a glide line along t
@0001# direction, as previously reported by Poulstonet al.2

and by Schwegmannet al.3 In order to calibrate the oxygen
coverage in the SPA-LEED data, we used the O 1s core-
level XPS uptakes, assuming that at saturation~20 L! the
coverage is 1 ML. With this procedure, as reported in
next section, the coverage of the bestc(234) structure re-
sults to be 0.5160.01 ML, in good agreement with the pre
vious studies.2,3

By varying the oxygen coverage the~1/2,3/4! spot moves
towards the~1/2,1! spot. The spot position in the@0001#
direction is shown in Fig. 4 as a function of oxygen exp
sure. Near saturation there is some ambiguity in the dete
nation of this quantity because the spots are close toge
and even overlap with the~1/2,1! spot. The spot position
varies linearly for coveragesQ below 0.42 ML and above

FIG. 2. Intensity~filled markers! and FWHM~open markers! vs
dose~Langmuir! of the ~0,1/2! diffraction spot along the@0001# ~a!

and @12̄10# direction ~b! at T5270 K.
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0.58 ML, while in between stays nearly constant. Upon ra
ing the temperature, the intensities of thec(234) super-
structure beams decrease far below of the desorption o
~1050 K!, indicating the occurrence of a continuos orde
disorder phase transition, as previously observed.2 The criti-
cal temperatureTc was determined to be 350 K by measu
ing the temperature at which the diffraction spots begin

FIG. 3. Intensity~filled markers! and FWHM~open markers! vs
oxygen dose~Langmuir! for the ~1/2,1! diffraction spot along the

@0001# ~a! and @12̄10# direction ~b! at T5270 K.

FIG. 4. ~1/2,3/4! diffraction spot peak position along the@0001#
direction as a function of oxygen coverage.
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broaden in both@0001# and @12̄10# crystallographic direc-
tions. However, since the spots completely disappear o
above 570 K the transition is not very sharp thus indicat
that finite size effects could have a strong influence on
transition.5,6

B. X-Ray photoelectron spectroscopy

Figure 5 shows a set of O 1s spectra collected during th
oxygen uptake at 270 K. The intensity and position of t
core level peaks have been quantified by fitting the cur
with a Doniach-Sunijc function convoluted with a Gaussi
function.7 The results of the analysis are plotted in Fig.
The O 1s binding energy position~open markers! of the
peak changes for doses higher than 1 L. At this exposure

FIG. 5. O 1s core level photoemission spectra measured wh
oxygen dosing atT5270 K andhn5630 eV.

FIG. 6. Oxygen coverage~left axes! and O 1s binding energy
~right axes! as a result of the data analysis of the O 1s core level
photoemission spectra~in Fig. 5!. Vertical lines at exposure of 1
and 3 L indicate the exposure where thec(234) ~0.5 ML! and
(231)p2mg ordered structure are formed.
0-3
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peak, initially located at 529.8460.01 eV, begins to shift
towards lower binding energies to reach at saturation~4 L! a
final value of 529.7560.01 eV. The experiment was re
peated several times to confirm the existence of this sm
shift. The O 1s intensities~empty circles! obtained in the
analysis were converted in absolute coverage~ML ! by nor-
malizing against the maximum O 1s intensity, achieved a
saturation. As described in the previous paragraph the s
rated surface is characterized by a sharp (231)p2mg struc-
ture at 1 ML which was used as a basis for the O cover
calibration. 1 ML is equal to the number of Ru surface
oms: 8.6131014 atoms/cm2 for the (101̄0) plane. It is im-
portant to note the good agreement between XPS and S
LEED measurements. Both indicate that saturation
achieved at about 4L~compare Figs. 3 and 6!.

The very weak shift in the O 1s binding energy, 75
610 meV, is an indication that the O atoms are always
cated in the same adsorption site, in good agreement with
structural findings of Schwegmannet al.3 The small energy
shift could be ascribed to initial state effects~due to small
differences in the adsorption geometry, i.e., O-Ru bo
length! or to different electron screening of the core hole
the two cases.

The O 1s uptake data can also be used to calculate
oxygen sticking coefficients, which is plotted, as first deriva
tive of the uptake curve, in Fig. 7 as a function of the to
coverageQ. In our case the oxygen molecules require tw
adsorption sites to chemisorb dissociatively and as a co
quence we can use the theoretical Kisliuk sticking proba
ity curve for a two-adsorption site.8 An initial sticking coef-
ficient values0 of 0.3560.03 has been obtained.

The high energy resolution Ru 3d5/2 core level spectrum
of the (131) clean surface is shown in Fig. 8, lower curv
In order to extract quantitative information from the cor
level spectra, we analyzed the data by using, like for
O 1s peak, a Doniach-Sunjic function convoluted with
Gaussian. The best-fit parameter values were 0.2760.02 for
the Lorentzian width, 0.09560.020 for the asimmetry pa
rameter and 140620 meV for the Gaussian width. Thre

FIG. 7. Oxygen sticking coefficient:~filled markers! experimen-
tal data obtained from the O 1s core level measurements;~line!
result of the fit with the Kisliuk model.
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components are present in the spectrum of the clean sur
We have recently found9 that the peak at higher bindin
energy,Sb , is originated from the bulk atoms, while th
other two, shifted by2480620 meV (RuI-yellow curve!
and 2240620 meV (RuII-light blue curve! respect to the
bulk peak, correspond to first and second layer Ru ato
respectively. The other spectra in Fig. 8 correspond to
c(234) ~0.5 ML! and (231)p2mg ~1.0 ML! oxygen struc-
tures. In fitting these spectra, we used theSb , RuI , and RuII
components, letting only their intensities as free paramet
The result of the procedure indicates that upon oxygen
sorption new components are needed in order to obta
good fit of the experimental curves, as judged byx-square
analysis. As previously demonstrated10 they correspond to
different oxygen coordinated first- and second-layer Ru
oms. Intensities of the different components are plotted
Fig. 9 as a function of the oxygen coverage. They corresp
to a series of Ru 3d5/2 spectra~not shown! measured during
oxygen uptake. The fact that a complete series~about 30
curves! has been fitted using only the intensities of the d
ferent components as free parameters strongly reinforces
reliability of the whole procedure. At the beginning of th
uptake the RuI component~yellow curve!, linearly decreases
in intensity and nearly disappears at 0.5 ML. This indica
that in the c(234) structure all first layer Ru atoms ar

FIG. 8. Ru 3d5/2 core levels spectra from Ru(1010̄) recorded at
300 K during oxygen uptake:~bottom! clean (131); ~center! c(2
34); ~top! (231)p2mg. Fits of the surface components are pr
sented.
0-4
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bonded with oxygen. In the same range of coverage theII
peak~light blue peak! decreases but does not disappear.
low coverage (,0.5 ML) other two peaks appear at285
620 meV ~red peak! and 1465620 meV ~blue peak! re-
spect to the bulk peak. Their behavior forQ.0.5 ML is very
different: the first one decreases in intensity and disapp
at saturation, while the second one increases up to satura
Another component~gray curve!, positioned at 1215
620 meV with respect to the bulk peak, grows linea
above 0.5 ML and reaches its maximum at 1 ML, just wh
the best (231)p2mg structure is formed. In a previous re
port we have already assigned the different components
pearing during the uptake process, as originated by Ru at
multiply coordinated with oxygen.10 This approach has bee
already used by Riffe and Wertheim11 and by Ynzunza12 for
the O/W~110! system and by Andersenet al. for CO on
Pd~110!.13

In Fig. 10 we illustrate all the possiblec(234) structures
formed by oxygen adsorption at 0.5 ML with different a
sorption site and geometrical arrangement. On the basi
our results, we can exclude those with first layer unpertur
RuI atoms~yellows atoms!. Models with oxygen in threefold
fcc site (D, E, andF) and on-top site (G andH), and also
modelsB and I, are not compatible with our observatio
Also modelL can be excluded because at 0.5 ML the seco
layer clean component RuII should be not changed in inten

FIG. 9. ~Color! Results of fit of the Ru3d5/2 core levels spectra
as a function of the oxygen coverage. Colored curves are:~yellow!
first layer Ru,~light blue! second layer Ru,~red! first layer single
oxygen bonded Ru,~blue! second layer two oxygen bonded Ru a
~gray! first layer two oxygen bonded Ru.
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sity contrary to what is experimentally observed. Our co
clusion is therefore that oxygen sits in threefold hcp sites
agreement with previous structural investigations.3 The dif-
ferences with respect to the expected linear decrease in
tensity with coverage can be due to photoelectron diffract
effects that could strongly alter photoemission intensity,

FIG. 10. ~Color! Possible models for the Ru(1010̄)-c(2
34)-2O structure, with oxygen sitting in three-fold hcp, three-fo
fcc, on-top, short-bridge and long-bridge sites. The upper pa
presents (131) and (231)p2mg models. Colors correspond to
~yellow! first layer Ru,~light blue! second layer Ru,~red! first layer
single oxygen bonded Ru,~blue! second layer two oxygen bonde
Ru and~gray! first layer two oxygen bonded Ru.
0-5
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demonstrated for many systems.14 We interpret therefore the
peak at2856 meV as originated from the first-layer R
atoms single bonded with oxygen (RuI-O), while the other
component at1465 meV as due to single oxygen bond
with Ru second layer atoms (RuII-O). Also the trends for
Q.0.5 ML are in accord with this interpretation. In fac
with increasing the oxygen coverage, the RuI-O component
decreases and disappears at saturation. Above 0.5 ML
the (231)p2mg structure begins to grow. The formation
related to the gray component originated by first lay
double-bonded Ru atoms (RuI-2O); simultaneously the
single-bonded second-layer Ru atoms (RuII-O) reach the
maximum value at 1 ML.

IV. DISCUSSION

As for all overlayer structures, the formation of a certa
configuration with long-range order is caused by the ex
tence of interactions between the adsorbed atoms. Be
0.3–0.4 L, i.e., over the whole coverage range 0,Q
,0.25 ML, in both the experimentally measuredI 1/2,3/4 and
I 0,1/2, the fractional-order spots are so weak that both
beam sharpness and the intensity curve are difficult to ev
ate and therefore have not been reported in Figs. 1 an
This implies that the tendency for island formation is n
very strong, in agreement with the extrapolated non-lin
increase of the intensity shown in Fig. 1~dotted curve!. This
means that the interaction energies at long distances
lower than the thermal energyKBT, 25 meV in our case. At
low coverage the oxygen atoms are almost randomly dist
uted over the surface in a lattice gas configuration. Howe
as the coverage increases, the linear increase of the dif
tion spots~shown in Figs. 1 and 2! indicates an island growth
process: the threefold hcp bonded oxygen atoms exhib
tendency to two-dimensional ordering above'0.7 L, result-
ing in the formation of thec(234) structure at 1.0 L. The
FWHM of both ~1/2,3/4! and ~0,1/2! diffraction spots indi-
cate that the ordering process proceeds more easily alon

@12̄10# direction than on the@0001#, as a results of the sur
face anisotropy: oxygen starts to form zig-zag chains al
the @12̄10# direction, but the chains are not well ordered
the @0001# direction. Structures of this type where report
for oxygen adsorption on the Rh~110! ~Ref. 15! and Pd~110!
~Ref. 16! surfaces and on Co@101̄0#.17 The residual disor-
der, prior thec(234) formation, is determined by the exis
tence of small islands, with oxygen sitting in one of the tw
equivalent sublattices (A/zig-zag andB/zag-zig!. The zig-
zag rows formation with aANBNANB(N means row not
occupied! is not established in the long-range and the m
probable configuration is with adjacent empty rows, i.e.,
example ANBNNBNA. These results correlate with th
SCLS data: theRuII component~hell blue curve in Fig. 9! is
not equal to zero, thus indicating the presence in thec(2
34) of clean second layer atoms not bonded with oxyg
However SCLS data are not sufficient to discern betwee
and Cc(234) structural models. The attractive interactio
between the oxygen atoms within the row~i.e., along the

@12̄10# direction! is very strong and results in the formatio
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of zig-zag chains when thec(234) structure is completely
formed. We want to point out that the interaction betwe
adjacent zig-zag rows is very important even at moder
low coverage: the rows should be out-of-phase in order
form a c(234) structure (ANBNANB configuration!, in-
stead of a (232)p2mg structure (ANAN or BNBN con-
figuration! at the same coverage. For this reason we concl
that the next-nearest neighbor oxygen rows interaction
quite strong. In the coverage range 0.3,Q,0.65 ML a
movement of the~1/2,3/4! diffraction spots is observed~Fig.
4! which obviously reflects a transformation of the overlay
arrangement. Beam shifts of this type have been already
served and can be considered as the result of a dynam
arrangement of parallel@0001# rows with a distribution of the
spacings from 3a to a in the @12̄10# direction (a is the
lattice spacing along@121̄0#). Only at the intermediate cov
erage 0.45,Q,0.55 the spot position is nearly constan
thus indicating that this is the range of existence of thec(2
34) structure. At 0.5 ML thec(234) structure present is
land with an average size of 130 Å3280 Å.

The slope of the~1/2,3/4! diffraction spots movemen
above 0.58 ML indicates that the disruption of thec(234)
island is faster than the formation. The reason of this can
related to the short-range oxygen interactions at cover
larger than 0.5 ML: when a molecule arrives on thec(2
34) surface and dissociates, the antiphase rows local c
figuration is forbidden by the strong repulsion between o
gen atoms sitting in adjacent three-fold hcp sites along
@0001# direction.

The sticking coefficient behavior against the oxygen co
erage is a further important indicator of the adsorpti
mechanism. Our curve presents a linear decrease until
formation of thec(234) structure, indicating a mechanism
in which trapping can take place into a molecular precur
state, with subsequent diffusion to a threefold site when
dissociation can take place. At low coverage the three-f
oxygen adsorbs with a disordered configuration up to
formation of the c(234) related diffraction spots a
'0.34 ML. As the adsorption proceeds the reduced num
of available free site pairs will immediately affect the a
sorption rate. Only at coverage higher than 0.5 ML, in c
respondence of the formation of the RuI-2O species, the re
pulsive O-O interactions reduce the probability of findin
appropriate three-fold hcp site pairs for dissociation of
molecular precursor. In fact thec(234) structure proposed
by Schwegmannet al. does not offers two nearby empt
sites. This implies that the O atoms must move around
surface to create new adsorption sites: it is the ordering
the adlayer that exerts its influence on the adsorption pr
ability and just above 0.5 ML the sticking coefficient d
creases faster.

V. CONCLUSIONS

By combining a long-range order technique like spot p
file analysis LEED and a local probe like XPS we have stu
ied the formation of thec(234) and (231)p2mg struc-
tures on Ru(101̄0). The low coverage structure i
characterized by a single Ru first layer species~Ru single
0-6
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bonded with oxygen! while at saturation oxygen sits in th
same adsorption site~three-fold hcp! forming two bonds
with Ru first layer atoms. A qualitative description of th
mechanism of the overlayer formation in terms of adsorba
adsorbate interaction has been proposed for the whole
erage range.
11541
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