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Oxygen-induced surface„232…p4g reconstruction of Rh„001…

Y. G. Shen,* A. Qayyum,† D. J. O’Connor, and B. V. King
Department of Physics, University of Newcastle, New South Wales 2308, Australia

~Received 12 January 1998; revised manuscript received 22 May 1998!

The room-temperature oxygen-induced (232)p4g clock reconstruction of Rh~001! has been investigated
by low-energy alkali ion scattering, recoiling spectrometry, low-energy electron diffraction~LEED!, and three-
dimensional classical scattering simulations. The oxygen atoms are confirmed to be in the fourfold hollow sites
to produce the glide plane symmetry of the substrate observed in the LEED pattern. Quantitative values for the
geometrical parameters were obtained by using a reliabilityR-factor analysis to compare the experimental and
simulated azimuthal scans. The lateral clockwise-counterclockwise displacement of the surface rhodium atoms
is Dx50.260.1 Å and the oxygen height above the substrate isDh50.660.1 Å. The driving force for this
clock reconstruction is discussed and compared with previous results on the Ni(001)-(232)p4g-C surface.
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I. INTRODUCTION

Adsorbate-induced reconstructions on certain surfaces
important concerns in chemical reactions, order-disor
phase transitions, and other surface phenomena. Many
ies show that these reconstructing processes may stro
influence the electronic structure, and change many phys
chemical, and structural properties of surfaces~for good re-
views, see Refs. 1 and 2!. In order to obtain a detailed un
derstanding of these properties, knowledge of the geom
cal structure of an adsorbate-induced surface is essential
this reason, much effort has recently been put into the de
opment of surface-sensitive experimental spectroscopes
techniques which provide quantitative surface structural
formation. This then serves as a starting point for theoret
calculations, and also allows one to look at systematic
ferences between related adsorbate-induced reconstru
surfaces.

In recent years, adsorption of oxygen on the Rh~001! sur-
face has been investigated using spot-profile analysis l
energy electron diffraction~SPA-LEED!,3–5 scanning tunnel-
ing microscopy ~STM!,6 and angle-resolved photo
emission.7,8 These investigations have mainly focused on
order-disorder transitions and the valence-band feature
the Rh~001!-O system. The SPA-LEED and STM studie
showed that the adsorption of oxygen on Rh~001! at room
temperature forms three ordered structures: ap(232) phase
at 0.25 ML, an intermediatec(232) phase, and a (2
32)p4g structure at saturation~0.5 ML!. For all structures,
the O atoms occupy the fourfold hollow sites. In the
32)p4g structure, the substrate additionally reconstructs
rotation and lateral spreading of the four rhodium atoms s
rounding the O atom in order to enlarge the site. Thereby
mirror plane symmetries are broken at the adsorption s
while glide plane symmetry occurs. This produces two p
pendicular glide lines along the directions of the miss
spots and leads to the experimentally observed system
extinction of (0,n1 1

2 ) and (n1 1
2 ,0) LEED spots at norma

electron beam incidence. However, detailed structure of
clock rotated surface is unknown. Neither the O height
PRB 580163-1829/98/58~15!/10025~6!/$15.00
re
r

ud-
gly
al

ri-
or
l-
nd
-

al
f-
ted

-

e
of

y
r-
e
s,

r-

tic

is
r

the amount of lateral displacement of surface rhodium ato
has been determined yet.

The purpose of this paper is to apply the technique
low-energy alkali ion scattering and recoiling spectrome
to characterize the reconstruction of the Rh~001!-(2
32)p4g-O surface. Ion scattering and recoiling techniqu
are highly sensitive to surfaces with clock rotated type
constructions, and are able to produce data which al
quantitative evaluation of the geometrical parameters.9–12

Computer simulations of the scattering data, based o
three-dimensional~3D! classical scattering binary collisio
model, were performed. The oxygen adsorption site and
lateral displacement of surface rhodium atoms were de
mined by using a reliability (R) factor analysis to compare
the experimental and simulated azimuthal scans. The driv
force for this clock reconstruction is discussed and compa
with previous results on the Ni(001)-(23)p4g-C surface.
The Rh~001! surface and the reconstruction model for t
Ni~001!-(232)p4g-O surface are shown in Figs. 1~a! and
1~b!, respectively. The atomic alignments for the shadow
events responsible for the observed shadowing feature
the angular scans described in the text are illustrated.

II. EXPERIMENT

The experiments were carried out in a stainless-steel U
chamber (7310211 mbar base pressure! equipped with an
angle-resolved ion scattering spectroscopy~VSW Scientific
Instruments Ltd!, LEED ~VG Scientific Ltd.!, and other fa-
cilities for surface characterization and gas adsorption.12 The
scattered and recoiled particles were energy analyzed b
hemispherical electrostatic analyzer with multichannel det
tion ~MCD! to provide high count rates. The use of MC
allows data collection with small ion doses, typically at
beam current density of 331029 A cm22 for 1 keV Li1

ions and 531028 A cm22for 2 keV Ne1 ions used in this
study.

The sample is a rhodium crystal~10 mm diam and 2 mm
thick! with a polished~001! surface from Commercial Crys
tal Laboratory. Final crystal cleaning was achieved by
peated cycles of Ar1 ion bombardment~1 keV, 0.6–0.8mA!
10 025 © 1998 The American Physical Society
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¢and annealing at;1123 K. The temperature was measur
by means of a chromel-alumel thermocouple and chec
with an infrared pyrometer. The carbon contamination w
eliminated by several oxidation and reduction cycles. S
face cleanliness was verified by the absence of O, S, and
the He1 ion scattering spectra.

Oxygen exposure measurements were carried out
backfilling the chamber with research grade O2 ~99.999%!
through a leak valve at a pressure of 131028 mbar. The
doses of oxygen were given in Langmuirs (1
51026 Torr s51.3331024 Pa s) as calculated from the un
calibrated ion gauge reading times the time of exposure.
the (232)p4g-O structure occurs at saturations~.3.2 L
oxygen at room temperature!, a constant oxygen pressu
(231029 mbar) was maintained during the measureme
to replenish oxygen loss to sputtering and to recover
long-range clock rotated ordering. The structure was r
tinely monitored after the experiments and the sharp
32)p4g LEED pattern was still clearly visible. The surfac
was cleaned after every incident or azimuthal scan in orde
minimize interference from residual gases.

III. RESULTS

The clean Rh~001! surface exhibited a very sharp~131!
LEED pattern with a low background. The O2 dosing on
Rh~001! was performed after the sample was cooled down
room temperature. Ap(232) LEED pattern was observe
after 0.75 L O2 exposure. With increasing O2 dose, sharp
c(232) and (232)p4g patterns were obtained at 1.35 an
3.2 L, respectively. The doses of oxygen required for p
ducing the ordered structures are in agreement with prev

FIG. 1. ~a! Structure of a Rh~001! surface. The main crystallo
graphic directions are indicated.~b! Structural model of a Rh~001!-
(232)p4g-O surface: Large gray spheres indicate the surf
rhodium atoms, small gray spheres indicate the adsorbed ox
atoms. The empty circles show the positions of the rhodium ato
prior to the reconstruction.
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studies.3–6 It was suggested5 that the oxygen coverages o
these three surfaces are approximately 0.25, 0.35, and
ML, respectively, as determined from SPA-LEED. Th
LEED pattern of the (232)p4g reconstruction is basically
just a~232! structure with two glide lines and hence syste
atic spot extinctions at normal electron beam inciden
while they become visible upon rotation of about 5° arou
the @001# direction. The glide planes can be related to eith
a (232)p4g or (232)p2gg reconstruction. STM images
of this phase6 unequivocally show that the symmetry is in
deed (232)p4g rather than (232)p2gg. Upon heating the
surface to temperatures above;823 K the (232)p4g re-
construction is totally lifted over the whole surface as in
cated by the complete loss of the half-ordered beams and
appearance of the sharp~131! pattern of the clean Rh~001!
due to oxygen desorption from the surface.

In order to confirm the O adsorption position in the fou
fold hollow site for the (232)p4g reconstruction observed
in previous LEED patterns3–5 and STM images,6 two types
of measurements were carried out by detecting negative2

recoil projectiles under Ne1 ion bombardment. The low-
energy recoil process is extremely sensitive to the electro
gative O atoms, and the detection of the recoiling spec
ensures that the adsorption site is probed directly.13–15In the
first measurement, for azimuthal anglef scans at low inci-
dent anglea and fixed recoil angleQ, shadowing features o
oxygen shadowed by oxygen and/or oxygen shadowed
rhodium~depending on the O height! along certain directions
can be seen. This allows one to identify the O adsorpt
site. In the second measurement, for incident anglea scans
along a fixed high-symmetry azimuthf, the O-O spacing
can be determined by analyzing the shadowing feature
oxygen on oxygen and comparison to the results obtai
from calculations.

The typical f scan of negative O2 recoils for the (2
32)p4g surface is shown in Fig. 2~a!. At a low a angle and
along f directions corresponding to the alignment of O-
rows, the recoiling centers are inside the shadow cones
by their nearest neighbors, resulting in low O2 intensity.
This is due to the fact that, at grazing incidence, the sm
impact parameter required for recoiling atQ560° is not ac-
cessible. Asf is scanned, the recoiling centers gradua
move out of the shadow cones giving rise to an increase
O2 intensity. The O2 f scan exhibits two shadowing dip
located at around 0° and 45°, which correspond to the@100#
and@110# azimuths. The fact that the shadowing dip atf50°
is more pronounced compared to that atf545° reveals the
short O interatomic spacing in the@100# azimuth, confirming
the O position in the fourfold hollow site. The absence
additional minima induced by rhodium shadowing of oxyg
at a58° is indicative that oxygen is located outside t
rhodium shadow cones~i.e., at least 0.5 Å above the su
face!.

Additional evidence for the O position was obtained fro
the a-scan measurement. Data shown in Fig. 2~b! were col-
lected from the (232)p4g surface along the@100# and@110#
azimuths at a recoil angle ofQ560°, where the O2 peak-
area intensities are plotted as a function ofa. The O2 recoil
intensity at smalla values is low because each surface at
lies in the shadow cone cast by its preceding neighbor o
gen. The sharp increase observed in the O2 recoil intensity at
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a critical angleac corresponds to O atoms moving out of th
shadow cone formed by neighboring O atoms. Theac, de-
fined as thea value at 80% O2 peak height, can be related t
the O-O spacing through the comparison with calculation13

To determine the O-O spacing, the experimental criti
anglesac for O shadowing of O atoms obtained along t
@100# and @110# azimuths have been compared to the valu
obtained from calculations. The interaction between N1

ions and surface O atoms is approximated by the Zieg
Biersack-Littmark~ZBL! potential. The comparison betwee
the experimental critical angles (ac'14° along the@100#
azimuth andac'10.5° along the@110# azimuth! and the
calculated ones„d100(O-O)53.80 Å, ac513.9° along the
@100# azimuth, andd110(O-O)55.37 Å, ac510.8° along
the @110# azimuth… again confirms the O position in the fou
fold hollow site within the experimental uncertainty o
60.05 Å. We also note that the absence of any Rh-O sh
owing features at higha angles in the@100# azimuth is due
to the fact that oxygen is too high above the surface to
shadowed by rhodium, in agreement with the O2 f-scan
result described above.

On a day to day basis, it was found that the (232)p4g

FIG. 2. The O2 recoil intensities obtained from the (2
32)p4g-O surface are plotted~a! as a function off at grazing
incidence and~b! as a function ofa along the@100# and @110#
azimuths at a recoil angle ofQ560° using 2 keV Ne1 ions. The
inset shows a typical O2 recoil spectrum.
l
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reconstruction was readily produced and very reproducibl
such a way that it is a clock rotated rhodium top layer a
the four rhodium atoms surrounding the O atom in the fo
fold hollow site. Thef scan in ion scattering is well suite
for demonstrating this fact. Figures 3~a! and 3~b! show en-
ergy and angle dispersivef scans~raw data! at grazing in-
cidence from the clean Rh~001! and (232)p4g surfaces,
respectively. The integrated rhodium intensities with line
background subtraction as a function off are shown in Fig.
4~a!. The simulated results from the Rh~001! and (2
32)p4g-O surfaces using our laboratory’s 3D classical t
jectory simulation program12 are shown in Fig. 4~b!, where
the rhodium intensity distributions are collected as a funct
of the rhodium lateral displacement (Dx) from 0.0 to 0.7 Å
at the O height ofDh50.6 Å ~for details see below!.

The cleanf scan exhibits four shadowing minima locate
at 218°, 0°, 18°, and 45°, which correspond to the@31̄0#,
@100#, @310#, and @110# azimuthal directions. The deep an
wide minima centered atf50° and 45° indicate the shor
interatomic spacings between surface rhodium atoms in
@100# and @110# azimuths. The shallow and narrow minim
at aroundf5218° and 18° results from the next shorte
interatomic spacings along the@31̄0# and @310# azimuths.
The displacement of rhodium atoms resulting from the
chemisorption gives rise to different shadowing features
thef scan, however it does not produce any new minima
the case of the Ni~001!-(232)p4g-C surface,9 carbon~co-
planar with the Ni first layer! has been shown to have
significant influence on similar ion scatteringf scans at
grazing incidence, giving rise to two additional minima. T

FIG. 3. Experimental ion scattering energy and angle disper
f scans obtained from~a! the clean Rh~001! surface and~b! the
(232)p4g surface with 1 keV Li1 ions ata510° andQ590°.
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lack of additional minima induced by the O chemisorpti
can be attributed to the overlayer O position. Since oxyge
located in a high position above the clock rotated rhodi
surface ~.0.5 Å!, it cannot directly shadow individua
rhodium atoms but creates an overall decrease in the num
of Li projectiles reaching the rhodium surface. The less sh
and narrow shadowing dip at aroundf50° is a result of
several first-layer Rh-Rh interatomic spacings, some
which are double that of the unreconstructed surface cau
Rh-Rh alignments not short enough to cast strong shadow
effects along the@100# azimuth. The main shadowing di
along the@110# azimuth atf545° becomes less pronounce
indicating that first-layer Rh-Rh nearest-neighbor atoms
not well aligned. The fact that the shadowing dips at arou
f5218° and 18° are more clearly resolved compared
those from the clean Rh~001! surface could be interpreted a
a result of efficient shadowing caused by the lateral mo
ment of rhodium atoms from their original positions alo
the @31̄0# and@310# directions. It can be concluded that sca
tering due to O atoms focusing Li projectiles onto rhodiu
atoms only makes a small contribution to the overall sig
and therefore any features due to O shadowing of rhod
atoms may be masked by features arising from rhod
shadowing of rhodium atoms.

For the (232)p4g surface, the agreement between t

FIG. 4. ~a! The experimental~from Fig. 3! and~b! simulatedf
scans obtained from the Rh~001! and (232)p4g-O surfaces with 1
keV Li1 ions at a510° andQ590°. The structure used for th
simulations was constructed by three layers: the clock rota
rhodium first layer, ideal rhodium second layer, and oxygen ov
layer ~0.5 ML!. Simulated parameters were the ZBL potential, s
face rhodium Debye temperature 270 K, oxygen height ofDh
50.6 Å, and 160 000 incident projectiles.~c! Plot of theR factor
versus the rhodium lateral displacementDx in Å for comparison of
the experimental and simulated scans of~a! and ~b!.
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experimental and simulatedf scans was judged on the bas
of the reliabilityR factor as described previously.12,16 R fac-
tors were calculated for comparison of each of the simula
f scans with the experimental data. Simulations for the
32)p4g surface were carried out as a function of two p
rameters:~i! the rhodium lateral displacement (Dx)from 0.0
to 0.7 Å in steps of 0.1 Å and~ii ! the O height (Dh) above
the clock rotated rhodium plane from 0.0 to 1.0 Å. Both t
rhodium lateral displacements and the O height above
rhodium surface were varied independently. The result of
R-factor analysis is shown in Fig. 4~c!, where theR factors
are plotted as a function of the displacementDx of rhodium
atoms for the simulations from Fig. 4~b!. The best fit to the
experimental data was achieved with the minimumR factor
of R50.092 atDx50.260.1 Å and Dh50.660.1Å. Re-
peated measurements involving more than five freshly p
pared reconstructed surfaces over several weeks showed
the minimum inR factors was reproducible to within615%.

We would like to point out that the structure search w
nominally restricted to respect both the glide and mir
symmetries exhibited in the LEED pattern. So far we ha
only considered the fourfold hollow site. Are the ion scatte
ing data compatible with adsorption in the fourfold bridg
site? To test this structure,R factors were also calculated fo
comparison of each of the simulatedf scans with the experi-
mental data using the identical procedures described ab
TheR-factor result for the best fit for the fourfold bridge si
was 0.11 atDx50.2 Å andDh50.6 Å. Oxygen adsorption
in the fourfold bridge site is thus unambiguously ruled o
Furthermore, we can exclude a top site since such a sit
unable to produce a glide line symmetry in the LEED p
tern. Simple arguments also show that underlayer forma
of oxygen is also not compatible with the ion scattering da

IV. DISCUSSION

The results of the present investigation have shown
low-energy ion scattering is a highly surface sensitive te
nique, which is capable of detecting the clock reconstruct
and producing quantitative data of the atomic displacem
parameters. The O2 negative recoilingf anda scans exhibit
distinguishing shadowing features that can only be int
preted in terms of the O position in the fourfold hollow sit
The lack of any significant Rh-O shadowing features is tak
as an indication that oxygen resides above the rhodium s
strate. The dominant shadowing features of the Li1 scatter-
ing f scan are consistent with a (232)p4g phase and a high
O position in the fourfold hollow site. Quantitative values f
the geometrical parameters were obtained by using a relia
ity R-factor analysis to compare the experimental and sim
lated f scans. For the reconstructed surface, the rhod
atoms rotate in alternating clockwise and anticlockwise
rections with the rhodium atoms displaced laterally fro
their original positions by 0.260.1 Å and the O atoms in the
fourfold hollow sites at positions 0.660.1 Å above the plane
of rhodium atoms. These results are in agreement with
sults from a recent STM study,6 which has predicted that th
degree of rotation and expansion for the Rh~001!-(2
32)p4g-O surface is small, however the geometrical p
rameters were not previously determined.

In order to understand the driving force for this cloc
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rotated reconstruction, it is worthwhile to consider the int
action between the adsorbed O and the surface rhodium
oms. It is well established both theoretically and experim
tally that adsorption on a surface may induce a consider
negative~compressive! stress.17 According to the model pro-
posed by Mu¨ller, Wuttig, and Ibach18 for adsorption of C, O,
and S on the Ni~001! surface, the strong adsorbate-Ni bo
removes charge from the Ni-Ni surface bonds. This lead
finite repulsive forces or stresses between the surface at
This model is supported by theoretical calculations based
the effective-medium theory~EMT!,19 which reveal that
there exists a considerable contribution to the surface st
from direct adsorbate-adsorbate interactions in th
adsorbate-covered Ni~001! systems. The existence of the su
face stress induced by the adsorption of C, O, and S on
Ni~001! surface as a function of the adsorbate coverage
recently been verified experimentally by Sander, Linke, a
Ibach.20 For the Ni~001!-C case, the surface stress starts
saturate for C coverage of 0.3 ML, which is correlated w
the Ni~001!-(232)p4g-C clock reconstruction, in contras
to O and S adsorption, where a parabolalike curve is m
sured. These observations appear to corroborate the pro
that the development of the surface stress furnishes the
ing force for the reconstruction. This may also apply to t
Rh~001!-(232)p4g-O surface. For the Rh~001!-O system,
the p(232) structure is initially formed at a coverage
0.25 ML. In this phase the O atom is located in the fourfo
hollow site with an O height of 0.95 Å and an O-Rh bon
length of 2.13 Å.21 As the coverage increases, the stro
adsorbate-substrate interaction leads to the close separ
between the O and surface rhodium atoms (Dh50.6 Å with
an O-Rh bond length of 1.99 Å determined in this wor!,
thereby resulting in further increase in the surface stress
relieve the stress, top-layer neighboring rhodium atoms sh
in a collective way the cost of inducing ap4g clock recon-
struction in which the squares of rhodium atoms surround
the adsorbate O atoms rotate laterally. This produces
perpendicular glide lines along the directions of the miss
spots and leads to the experimentally observed system
extinction of (0,n1 1

2 )and (n1 1
2 ,0) LEED spots at norma

incidence. An alternative explanation is that when the s
face is saturated with oxygen at 0.5 ML, stronger, and t
shorter Rh-O bonds are formed. The stronger O-RH inte
tion must exert a repulsive force on the top layer. Therefo
the surface strain produced by adsorbed O atoms is relie
by directly driving a clock rotation in the top layer. Energe
cally, this is the cheapest way to lower the surface energ

It is interesting to compare the Rh~001!-(232)p4g-O
surface with the Ni~001!-(232)p4g-C surface, which has
been studied extensively in the past 5 years.9,22–25At 0.5 ML
coverage, the C atoms penetrate the fourfold hollow sites
Ni~001! by inducing a small radial expansion that is coupl
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with a large lateral spreading of the four Ni atoms surrou
ing the C atom. The amount of lateral displacement w
determined to be considerable, on the order of 0.5–
Å.9,22–25 A coplanar geometry allows a stronger adsorba
metal interaction and in particular a stronger interaction w
the second-layer metal atoms. This allows the C atom
bond directly to Ni atoms in the second layer, giving t
necessary energetic justification for such large clock ro
tions. The driving force behind the reconstruction is the
lief of the compressive stress induced by the preferenc
the small C atoms to be fivefold coordinated. However,
adsorption of oxygen does not reconstruct the Ni~001! sur-
face. This may be a result of the larger atomic radius
oxygen compared to carbon. A recent theoretical calcula
based on a tight-binding approximation26 suggests that for
atomic radii larger than a critical value, no substrate rec
struction occurs. For the case of Rh~001! the Rh-Rh distance
~2.78 Å! is greater than the Ni-Ni distance~2.49 Å! and the
critical radius in this case would be bigger than the O co
lent radius. Our ion scattering data show that the O heigh
the Rh~001!-(232)p4g-O phase is significantly larger tha
that for the Ni~001!-(232)p4g-C surface. Therefore, the O
clearly induces a much smaller radial expansion on rhod
than observed for the C on Ni. It may be that this mu
smaller degree of rotation and radial expansion enables
formation of the intermediatec(232) structure.3–8 Further
study withab initio total-energy calculations for establishin
the origin of the Rh~001!-(232)p4g-O reconstruction is in
progress in our surface-science group.

V. CONCLUSION

We have provided the experimental evidence that for
reconstructed phase, the rhodium atoms rotate in alterna
clockwise and anticlockwise directions with the rhodium
oms displaced laterally from their original positions by 0
60.1 Å and the O atoms in the fourfold hollow sites
positions 0.660.1 Å above the plane of rhodium atom
Similar to the case of C on Ni~001!, the driving force is
proposed in which the O adsorbate induces a compres
surface stress which drives the reconstruction of the surf
Experimentally, this Rh~001!- (232)p4g-O reconstruction
provides well-defined structure which would be an excell
candidate for full dynamical LEEDI -V studies.

ACKNOWLEDGMENTS

This work was supported by the Australian Resea
Grants Scheme. We are also grateful to the University
Newcastle for support with computing time. One of the a
thors~A.Q.! gratefully acknowledges financial support by t
International Atomic Energy Agency~IAEA !.
:

*Author to whom correspondence should be addressed. Pres
address: Centre for Advanced Materials Technology, Departme
of Mechanical Engineering, The University of Sydney, NSW
2006, Australia. Fax:161 2 9351 7060. Electronic address
yshen@mech.eng.usyd.edu.au

†Permanent address: Nuclear Physics Division, Pakistan Institute
Nuclear Science & Technology, P. O. Nilore, Islamabad, Pakista
ent
nt

of
n.

1G. A. Somorjai and M. A. Van Hove, Prog. Surf. Sci.30, 201
~1989!.

2D. P. Woodruff, inThe Chemical Physics of Solid Surfaces, ed-
ited by D. A. King and D. P. Woodruff~Elsevier, Amsterdam,
1994!, Vol. 7, Chap. 7.

3A. Baraldi, V. R. Dhanak, G. Comelli, K. C. Prince, and R. Rosei,
Phys. Rev. B53, 4073~1996!.



-

ei

a-

li,
.

R

l-

ci.

i.

c-

w,

n,

gs-

10 030 PRB 58Y. G. SHEN, A. QAYYUM, D. J. O’CONNOR, AND B. V. KING
4A. Baraldi, L. Gregoratti, G. Comelli, V. R. Dhanak, M. Kiski
nova, and R. Rosei, Appl. Surf. Sci.99, 1 ~1996!.

5A. Baraldi, V. R. Dhanak, G. Comelli, K. C. Prince, and R. Ros
Phys. Rev. B56, 10 511~1997!.

6J. R. Mercer, P. Finetti, F. M. Leibsle, R. McGrath, V. R. Dh
nak, A. Baraldi, K. C. Prince, and R. Rosei, Surf. Sci.352-354,
173 ~1996!.

7M. Zacchigna, C. Astaldi, K. C. Prince, M. Sastry, C. Comicio
R. Rosei, C. Quaresima, C. Ottaviani, C. Crotti, A. Antonini, M
Matteucci, and P. Perfetti, Surf. Sci.347, 53 ~1996!.

8J. R. Mercer, P. Finetti, M. J. Scantlebury, U. Beierlein, V.
Dhanak, and R. McGrath, Phys. Rev. B55, 10 014~1997!.

9J. Ahn, H. Bu, C. Kim, V. Bykov, M. M. Sung, and J. W. Raba
ais, J. Phys. Chem.100, 9088~1996!.

10J. Yao, Y. G. Shen, D. J. O’Connor, and B. V. King, Surf. S
359, 65 ~1996!.

11Y. G. Shen, A. Bilic, D. J. O’Connor, and B. V. King, Surf. Sc
Lett. 394, L131 ~1997!.

12Y. G. Shen, J. Yao, D. J. O’Connor, B. V. King, and R. J. Ma
Donald, Phys. Rev. B56, 9894~1997!.

13J. W. Rabalais, CRC Crit. Rev. Solid State Mater. Sci.14, 319
~1988!.
,

.

14D. J. O’Connor, Surf. Sci.173, 593 ~1986!.
15G. Dorenbos, M. Breeman, and D. O. Boema, Phys. Rev. B47,

1580 ~1993!.
16M. Copel and T. Gustafsson, Phys. Rev. B33, 8110~1986!.
17H. Ibach, Surf. Sci. Rep.29, 193 ~1997!.
18J. E. Müller, M. Wuttig, and H. Ibach, Phys. Rev. Lett.56, 1583

~1986!.
19K. W. Jacobsen, J. K. Nørskov, and M. J. Puska, Phys. Rev. B35,

7423 ~1987!.
20D. Sander, U. Linke, and H. Ibach, Surf. Sci.272, 318 ~1992!.
21W. Oed, B. Dotsch, L. Hammer, K. Heinz, and K. Mu¨ller, Surf.

Sci. 207, 55 ~1988!.
22J. H. Onuferko, D. P. Woodruff, and S. D. Kevan, Surf. Sci.87,

357 ~1979!.
23M. Bader, C. Ocal, B. Hillert, J. Haase, and A. M. Bradsha

Phys. Rev. B35, 5900~1987!.
24Y. Gautier, R. Baudoing-Savois, K. Heinz, and H. Landskro

Surf. Sci.251/252, 493 ~1991!.
25C. Klink, L. Olesen, F. Besenbacher, I. Stensgaard, and E. Læ

gaard, Phys. Rev. Lett.71, 4350~1993!.
26S. Reindl, A. A. Aligia, and K. H. Bennemann, Surf. Sci.206, 20

~1988!.


