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Dynamical LEED study of Pd„111…-„A3ÃA3…R30°-Xe

M. Caragiu,* Th. Seyller,† and R. D. Diehl‡

Physics Department, Penn State University, University Park, Pennsylvania 16802
~Received 14 June 2002; published 20 November 2002!

A low-energy electron diffraction~LEED! study of Pd(111)-(A33A3)R30°-Xe at 77 K indicates that the
Xe adsorption site is on top of the Pd atoms. The Xe–Pd bond length is 3.07 Å60.06 Å. The substrate
structure is essentially unrelaxed from the bulk structure. These results contrast with an earlier spin-polarized
LEED study, which indicated that hollow sites are occupied in this structure. The low-coordination-site geom-
etry for Xe on Pd~111! is discussed in the context of earlier experimental studies and recent density functional
theory results for Xe adsorption on metal surfaces.
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I. INTRODUCTION

The physics of weakly adsorbed gases has been subje
experimental and theoretical studies for many years.1 In
these so-called physisorption systems, the primary inte
tion between the substrate and the adsorbate consists o
attractive van der Waals interaction and a repulsive inte
tion due to wave function overlap. Since the van der Wa
interaction is nondirectional, the equilibrium site for phy
isorbed noble gases has been presumed to be a h
coordination site. This presumption has been a great
drance to the development of accurate short-ra
physisorption potentials since it has delayed experiment
measure the adsorption geometries of physisorbed atoms
though the adsorption site is an important and fundame
feature of any adsorption system, the determination of
sorption sites for adsorbed Xe has a long and convolu
history, as briefly recounted below. The dilemma is illu
trated by two empirical determinations of the adsorption
tential for Xe on Pt~111!, both based on nonstructural expe
mental data. Whereas one study indicates that the top si
preferred with an interlayer spacing of 3.3 Å,2 the other work
finds that the hollow sites are preferred at an interlayer sp
ing of 3.1 Å.3

A discussion concerning the possibility that Xe might n
always prefer high-coordination sites was triggered in 19
by an analysis of He atom diffraction~HAS! data4–6 from the
uniaxially compressed phase of Xe on Pt~111!, which forms
at temperatures below 60 K. The diffraction intensities fro
this incommensurate domain-wall structure were shown
be consistent with a triangular array of preferred sites.6 Such
a triangular array is formed by the top sites, as shown in F
1. The hollow sites, on the other hand, form a honeyco
array, as long as the two types of hollow sites~fcc and hcp!
are degenerate. If one type of hollow site were energetic
favorable, then the preferred type of hollow sites would a
form a triangular array consistent with the HAS data7,8

However, since only a small difference in the adsorption
ergies of Xe in the two types of hollow sites is expecte
top-site adsorption was proposed to explain the He-atom
fraction results.

An early density functional theory~DFT! local density
approximation~LDA ! cluster calculation9 supported the top-
site proposal. This calculation showed that the energetic
0163-1829/2002/66~19!/195411~6!/$20.00 66 1954
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favorable adsorption site is on top of the Pt atoms with
binding energy about 30 meV higher than for the hollo
sites. The bond length found in this calculation was 3.0
which is shorter than the hard sphere estimate of 3.54 Å

Despite this indirect evidence that Xe occupies top s
on Pt~111!, a spin-polarized low-energy electron diffractio
~SPLEED! study of Pt(111)-(A33A3)R30°-Xe ~Ref. 10!
indicated that the Xe atoms occupy the hollow sites. T
Pt–Xe distance found in this SPLEED study was 4.2 Å, co
siderably longer than the hard-sphere estimate of 3.2 Å~see
Table I!. This result disagreed with the HAS analysis d
cussed above, but it was corroborated by another SPLE
study by the same group on Pd(111)-(A33A3)R30°-Xe,11

which also found the Xe atoms to adsorb in hollow sites.
the course of the same study the adsorption site of Xe
disordered phase at a lower coverage was determined t
the top site. This was interpreted as being consistent with
cluster calculations because both correspond to a lower
sity of adsorbed Xe. The picture that emerged from

FIG. 1. Fcc~111! surface and arrays of adsorption sites. The t
sites form a triangular array. Degenerate hollow sites form a h
eycomb array. If only one type of hollow sites would be occupi
these would also form a triangular array.
©2002 The American Physical Society11-1
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TABLE I. Summary of structure determinations for Xe on transition metal surfaces.dXe–M is the Xe–substrate interlayer spacin
determined in these studies. The ‘‘hard-sphere’’ model predictionsdhs are calculated using nearest-neighbor spacings found in solidsDd
5dXe–M2dhs

is the difference between the observed interlayer distance and the hard sphere estimate,q is the monolayer adsorption energy
meV.

System Site
dXe–M

~Å!
dhs

~Å!
Dd
~Å!

q
~meV!

Cu(111)-(A33A3)R30°-Xea top 3.6060.08 3.47 10.1360.08 200h

Ag~111!-Xe-incommensurateb mixed 3.5560.1 3.25–3.65 (20.3 to 0.1)60.1 225i

Ru(0001)-(A33A3)R30°-Xec top 3.5460.06 3.54 10.0060.06 230j

Pt(111)-(A33A3)R30°-Xed hcp/fcc 4.260.1 3.20 11.060.1 270k

Pt(111)-(A33A3)R30°-Xee top 3.460.2 3.58 20.1860.1 270k

Pd(111)-(A33A3)R30°-Xef hcp/fcc 3.560.1 3.20 10.360.1 330l

Pd(111)-(A33A3)R30°-Xeg top 3.0760.06 3.56 20.4960.06 330l

Pd~111!-disordered-Xef top 4.060.1 3.56 10.4460.1 360l

aReference 13. hEstimated value based on values published
bReference 25. or similar surfaces. References 1 and 24 .
cReference 12. iReference 26.
dReference 10. jReference 27.
eReference 15. kReference 1.
fReference 11. lReference 28.
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SPLEED and DFT studies is that Xe occupies top sites
low coverage and hollow sites at high coverage. The cha
in the adsorption site was attributed to a mutual depolar
tion of the Xe atoms as their density increased, and a c
comitant weakening of the chemical component of
Xe–Pt bond.

This picture was upset by later low-energy electron d
fraction ~LEED! studies of the (A33A3)R30° structures of
Xe on Ru~0001! ~Ref. 12! and Cu~111!.13 In both cases, Xe
was found to occupy top sites, which was puzzling beca
the adsorption energies for these two substrates are sm
than for Pt~111! and Pd~111!. Why would Xe prefer top sites
in these cases but not on the stronger substrates? The w
est possible bond is the one without hybridization. If hybr
ization is the cause for the top-site preference, then hol
site adsorption should be expected on the weaker substr

A more recent study of the phonons of the commensu
(A33A3)R30° structure of Xe on Pt~111! ~Ref. 14! sug-
gested that the earlier hollow site determination for X
Pt~111! might be erroneous. In that study, experimental d
for the zone-center energy gap for the in-plane Xe vibrati
were compared to model calculations, and the res
strongly suggested that the experimental data were consi
with the top-site model. This particular part of the puzz
was finally resolved by a recent LEED study
Pt(111)-(A33A3)R30°-Xe,15 which found, contrary to the
SPLEED study, that Xe occupies the top sites in the (A3
3A3)R30° structure on Pt~111!. The Xe–Pt interlayer spac
ing determined in this study was 3.4 Å, which fits very w
into the picture drawn by the other LEED studies. The to
site preference for Xe on Pt~111! also agrees with the mor
indirect evidence provided by the HAS analysis discus
earlier.6

There remained several unresolved issues, however
19541
at
ge
-

n-
e

-

e
ller

ak-
-
w
es.
te

/
a
s
ts
ent

-

d

in-

cluding an understanding of the origin of the top site pref
ence. In this paper, we present LEED results which show
Xe/Pd~111! also occupies top sites in the (A33A3)R30°
structure, thus settling the earlier question posed as to
Xe would occupy hollow sites on the strongest substr
studied, Pd~111!. In the meantime, recent DFT results16 have
taken a step toward explaining the origin of the top site, a
we discuss this briefly in the context of the now-consist
set of experimental results for Xe adsorption sites on met

II. EXPERIMENTAL AND CALCULATIONAL
PROCEDURES

The experiments were carried out using a low-curr
video LEED system which, is described in deta
elsewhere.17 The Pd~111! sample was cleaned by repeat
cycles or Ar1 ion sputtering and annealing at 1100–1200
In order to reduce a possible carbon contamination of
sample surface it was annealed for prolonged periods of t
in 2•1028 mbar oxygen as described in previous studies
Pd surfaces.18,19 This procedure produced a clean and we
ordered surface as evident by Auger electron spectrosc
~AES! and LEED. Xe was adsorbed at 77 K by backfillin
the chamber with Xe to a pressure of 2•1028 mbar. The
adsorbed Xe gave rise to sharp superlattice spots corresp
ing to a well-ordered (A33A3)R30° structure.

The LEED calculations were performed using the Sy
metrized Automated Tensor LEED~SATLEED! package and
the phase shift programs provided by Barbieri and V
Hove.20 12 phase shifts were used for the scattering fr
both the Xe and the Pt atoms. The Debye temperatures
in our analysis were 64 K for Xe and 274 K for Pd. W
calculated theI (E) spectra for different adsorption sites: to
fcc hollows, hcp hollows, and a mixture of fcc and hcp ho
1-2
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lows. For each geometry, we optimized the structural par
eters and nonstructural parameters in order to obtain the
fits. The agreement between experimental and theore
spectra was tested using the PendryR-factor RP .21 The real
part of the inner potential was varied in theR-factor analysis,
the final value being 5.4 eV. The imaginary part of the inn
potential was also optimized and the best fits were obtai
for a value of26.0 eV. The experimental data set consis
of 9 symmetrically inequivalent beams with a total ener
range of 3500 eV.

III. RESULTS AND DISCUSSION

Table II summarizes the best PendryR-factors obtained
for each adsorption geometry. As seen from this table
best agreement between the experiment and the model
culations is found for the top site. Figure 2 shows best
theoretical and experimentalI (E) curves for the top-site ad
sorption and for Xe adsorbed in a mixture of fcc and h
hollow sites. Both models yield a comparable agreement
the integer order beams, evident by both visual inspec
and by means of the PendryR-factor ~top: 0.18 and hollows:
0.21!. However, the agreement for the fractional order bea

TABLE II. Optimum PendryR-factors for different structura
models tested with SATLEED.RP is the overallR-factor,Rfr is the
R-factor for the fractional order beams.

Model RP Rfr

Top 0.18 0.22
fcc hollows 0.47 0.75
hcp hollows 0.47 0.70

fcc1hcp ~60%:40%! 0.40 0.61
19541
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is much better for the top-site model. This can be seen
visual comparison of the experimental and theoretical spe
in Fig. 2, as well as by means of the PendryR-factors for the
fractional order beamsRfr , given in Table II.

Whereas there is no doubt about the adsorption site, th
was considerable difficulty to determine the exact Xe–
interlayer spacing due to the near-degeneracy ofR-factor
minima. The LEED calculation found a total of four minim
in theR-factor variation with the Xe–Pd spacing. This resu
is not unique, since one can expect an oscillatory behavio
the reliability factor as a function of the interlayer separatio
due to the restoration of the interference conditions for
reflected electron waves, once the interlayer distance eq
a multiple of the electron half wavelength. In our particul
case, a variation of the Xe–Pd distance with approximat
0.5 Å ~and its multiples! gives structures for which minima
in the R-factor are obtained.

Figure 3 shows the PendryR-factor as a function of the
Xe–Pd distance. The vertical dotted lines mark the mini
that are obtained for the approximate Xe–Pd distances

FIG. 3. Variation of the PendryR-factor with the Xe–Pd inter-
layer spacing. Four minima are present, corresponding to interl
spacings that differ by, roughly, multiples of 0.5 Å.
p
to
x-
e-
FIG. 2. Theoretical~dashed curves! and ex-
perimental~solid curves! I (E) spectra for~a! top-
site adsorption of Xe on Pt~111! and ~b! adsorp-
tion of Xe in a mixture of 60% fcc and 40% hc
hollows. For clarity the curves are normalized
the same intensity. The calculation for the mi
ture of hollow sites was stopped at 550 eV b
cause of computer limitations.
1-3
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TABLE III. The PendryR-factors for individual beams, corresponding to the four best-fit structures accommodating Xe atoms
sites. The bold characters represent the lowestR-factor attained by each beam, as the Xe–Pd interlayer distance varies.

Beam
d(Xe–Pd)

~Å! ~1,0! ~0,1! ~1,1! ~2,0! ~0,2! ~1/3,1/3! ~2/3,2/3! ~4/3,1/3! ~1/3,4/3!

2.56 0.173 0.111 0.102 0.122 0.180 0.402 0.082 0.383 0.381
3.07 0.128 0.179 0.142 0.094 0.114 0.149 0.127 0.305 0.338
3.61 0.163 0.151 0.160 0.113 0.155 0.154 0.172 0.350 0.227
4.12 0.208 0.130 0.148 0.118 0.163 0.363 0.236 0.444 0.184
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2.55 Å, 3.05 Å, 3.6 Å, and 4.1 Å. After a careful optimiza
tion of these four structures, we obtained the lowest in
vidual PendryR-factors for each of them: 0.219, 0.17
0.181, and 0.230 for the Xe–Pd distances of 2.5660.1 Å,
3.0760.06 Å, 3.6160.06 Å, and 4.1260.08 Å, respec-
tively.

The structures having the smallest and the largest of th
four Xe–Pd distances were ruled out, primarily based
their higher R-factors, and also by comparison with th
‘‘hard-sphere’’ model prediction of the Xe–Pd distance
3.56 Å ~see Table I!. The problem therefore was to choo
between the 3.07 Å and the 3.61 Å Xe–Pd distances. S
the corresponding structures have very similarR-factors, we
considered comparing theR-factors for each of the 9 in
equivalent beams included in the LEED calculations. Ta
III lists the PendryR-factors for all the beams, as obtaine
for each structure that presented an overallR-factor mini-
mum. The structure corresponding tod(Xe–Pd)53.07 Å,
exhibits the lowest possibleR-factors for 5 out of 9 beams
whereas thed(Xe–Pd)52.56 Å structure presents lowe
R-factors for 3 other beams. Although small, theR-factor
values as obtained for thed(Xe–Pd)53.6 Å structure, do
not contain a minimum value for any individual beam. T
minimum values for theR-factors of each beam are high
lighted in Table III. Although it would be considerably mor
satisfactory if there were a larger difference between
overallR-factors, we feel that this comparison provides so
weight in favor of the 3.07 Å Xe–Pd distance. This distan
is also more consistent with the hard sphere estimate, g
that Xe binds more strongly to Pd~111! than to Pt~111!. Per-
forming the LEED optimization using various othe
R-factors did not give different results, nor did they make
better distinction between the two structures. Therefore
report our final result, after calculating the variance of t
R-factor, as a Xe–Pd distance of 3.0760.06 Å, but we can-
not rule out the possibility of the longer distance.

The structural parameters for the (A33A3)R30° struc-
ture found in our analysis are summarized in Fig. 4. Ther
also some indication of an extremely small rumpling of t
substrate. The Pd atoms directly beneath the Xe atoms
pushed slightly (0.0260.03 Å) toward the bulk. Although
the error of this value is relatively large, we note simil
rumplings have been observed for the (A33A3)R30°
phases of Xe on other close-packed metal surfaces.12,13,15

Another class of adsorption systems, where top site ads
tion was unexpected but frequently observed, is alkali me
on close-packed metal surfaces.22 In those cases where alka
19541
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lis were observed in top sites, the rumpling is much mo
pronounced.22 This indicates that the perturbation of the su
strate due to Xe adsorption is considerably weaker than
the case of alkali metals, as expected on the basis of
adsorption strength. Figure 4 also indicates that the term
tion of the Pd surface is essentially bulklike—the interlay
spacing between the top-layer Pd atoms~those not occupied
by Xe! and the second-layer Pd atoms is 2.2760.03 Å,
while the next two interlayer spacings are 2.2460.02 Å,
consistent with the bulk value. The spherically-averag
atomic vibrational amplitudes determined in this study a
0.25 Å for Xe, 0.09 Å for the first Pd layer, 0.07 Å for th
second Pd layer, and 0.06 Å for all other Pd layers.

The origin of the discrepancy between the results of
present work and the SPLEED study11 is unknown. The same
is true for the SPLEED study10 which found Xe in the hol-
low sites on Pt~111! in contrast to the results of our rece
LEED study,15 which indicates top-site adsorption. For X
on Pt~111!, the analysis of the SPLEED data yielded
R-factor minimum at a Xe–Pt spacing of 3.6 Å for th
top-site.10 The authors, however, ruled out this minimum
favor of a deeper minimum found for hollow-site adsorptio
Multiple minima were also observed in the SPLEED study
Xe/Pd~111!. There, the comparison between experiment a
theory for two different electron energies indicated minim
in the R-factor curves for the top site at spacings around
Å and 3.9 Å, respectively. These were disregarded beca
they did not occur at the same Xe–Pd interlayer spac
However, distances smaller than 3.4 Å apparently were
tested for the top site, and theR-factor of the chosen hollow
site structure did not differ much from those of the top s
structures. Therefore the site identification in that study w
somewhat ambiguous in any case.

FIG. 4. Best fit model for the (A33A3)R30° structure of Xe on
Pd~111!. The Xe atoms adsorb in on-top positions. The dashed
on the left-hand side indicates the cut through the structure sh
on the right-hand side. The termination of the Pd~111! crystal is
essentially bulklike. The Pd atoms directly under the Xe atoms
pushed slightly toward the bulk.~Drawing is not to scale.!
1-4
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As can bee seen from Table I, the Xe–metal bond leng
are close to the hard sphere estimates for Cu~111! and
Ru~0001!, the substrates with the weakest binding. For
other two substrates Pt~111! and Pd~111! the bond lengths are
considerably smaller than the hard sphere estimates, ind
ing a trend towards smaller bond length with increasing bo
strength. This is corroborated by recent DFT calculations
Xe adsorption on Cu~111!, Pt~111!, and Pd~111!,16 which
also concur that the top-site structure is preferred for Xe
these surfaces and that the bond length is shorter for stro
adsorption.

The Pd, Pt, and Cu substrates are all transition metals
which it is known that the free electron theory breaks do
most seriously. Thed valence orbitals are more contracte
than the valences andp orbitals, and therefore do not ove
lap so strongly. The result is a narrower band, which is m
identifiable to its atomic orbital character than with t
simple metals. For this reason, one can refer to the occ
tion of variousd orbitals to explain the interaction of X
atoms with the substrate. In the case of Xe/Pd~111!, the DFT
study shows16 that there is a change in the electron cha
density of both adsorbate and substrate upon adsorption.
takes the form of a depletion of electron density on the
atom ~mainly Xe pz orbitals! and a decrease in the occup
tion of Pddz2 for the substrate atoms closest to the Xe atom
The same effect, although smaller, is seen for Xe on Pt~111!,
and the effect is even smaller on Cu~111!.

In explaining the preference for Xe to sit in the top a
sorption sites, it is argued that the Xepz orbitals interact with
the unoccupied components of thed shell corresponding to
the substrate atoms underneath. Conversely, in a hollow
the Xepz orbitals would be closer to the occupieddxy , dyz ,
dxz , and components of thed shell. Therefore, aside from
the spatial symmetry of these particular orbitals, the rela
electron occupation of thosed shell components may mak
the hollow site less favorable due to Pauli repulsion. T
calculated binding energy of Xe on Pt as a function of v
tical distance for the top and fcc sites16 shows that the top
site absorption corresponds to stronger binding for a
adsorbate-substrate distance. Being less repelled by the

*Current address: Department of Physics, Ohio Northern Uni
sity, South Main Street, Ada, Ohio 45817. Electronic addre
m-caragiu@onu.edu

†Current address: Institut fu¨r Technische Physik II, Universita¨t
Erlangen-Nu¨rnberg, Erwin-Rommel-Straße 1, 91058 Erlange
Germany. Electronic address: thomas.seyller@physik.
erlangen.de
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address: rdiehl@psu.edu
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strate atoms when in top position, the Xe atoms are predic
to sit closer to the surface when in the top site as compa
to the fcc site. While this latter prediction cannot be expe
mentally verified by this experiment since all Xe atoms a
in the same~top! site, the same phenomenon had been p
dicted earlier for Ar adsorption on Ag~111!.23

IV. CONCLUSIONS

In the paper at hand we have presented a dynam
LEED study of Pd(111)-(A33A3)R30°-Xe which indicates
that Xe adsorbs in the top sites. The Xe–Pd bond lengt
3.0760.06 Å and the substrate termination is essentia
bulk like. Our results fit well to results of three other LEE
studies of Xe on close-packed metal surfaces but are in c
tradiction to an earlier SPLEED study of the same structu
which indicated that Xe prefers the hollow sites. The LEE
studies, however, indicate that adsorption of Xe in top s
seems to be a common phenomenon and recent DFT ca
lations concur with this conclusion. Those studies sugg
that the top site preference arises not directly as a resu
the increased chemical attraction of the top site, but ma
as a result of the decreased Pauli repulsion in the top
compared to the hollow site, due to the relative orbital sy
metries. The extent of this preference, in terms of range
adsorbate gases and substrates for which it exists, is no
known because there has not yet been a clear experim
observation of a rare gas adsorbed in a hollow site. Thus,
topic of Xe adsorption on metal surfaces requires more
perimental and theoretical studies in order to elucidate
phenomenon of top-site adsorption.

ACKNOWLEDGMENTS

We would like to thank L. W. Bruch, P. Zeppenfeld, J.
Annett, M. Scheffler, C. Stampfl, P. A. Dowben, and D. M
Eigler for many enlightening communications. We also tha
Michael Hochstrasser and Roy Willis for providing th
Pd~111! crystal. This work was supported by the NSF DMR
9629715 and DMR-9819977.

r-
:

,
i-

ic

tt.

B

5K. Kern, R. David, P. Zeppenfeld, and G. Comsa, Surf. Sci.195,
353 ~1988!.

6J. M. Gottlieb, Phys. Rev. B42, 5377~1990!.
7P. Zeppenfeld, G. Comsa, and J. A. Barker, Phys. Rev. B46, 8806

~1992!.
8K. Kern, R. David, P. Zeppenfeld, R. Palmer, and G. Com

Solid State Commun.62, 391 ~1987!.
9J. E. Müller, Phys. Rev. Lett.65, 3021~1990!.

10M. Potthoff, G. Hilgers, N. Mu¨ller, U. Heinzmann, L. Haunert, J
Braun, and G. Borstel, Surf. Sci.322, 193 ~1995!.

11G. Hilgers, M. Potthoff, N. Mu¨ller, and U. Heinzmann, Surf. Sci
322, 207 ~1995!.

12B. Narloch and D. Menzel, Chem. Phys. Lett.270, 163 ~1997!.
13T. Seyller, M. Caragiu, R. D. Diehl, P. Kaukasoina, and M. Li

droos, Chem. Phys. Lett.291, 567 ~1998!.
14L. W. Bruch, A. P. Graham, and J. P. Toennies, Mol. Phys.95, 579

~1998!.
1-5



n-

ett

os ci.

ci.

M. CARAGIU, TH. SEYLLER, AND R. D. DIEHL PHYSICAL REVIEW B66, 195411 ~2002!
15T. Seyller, M. Caragiu, R. D. Diehl, P. Kaukasoina, and M. Li
droos, Phys. Rev. B60, 11 084~1999!.

16J. L. F. Da Silva, C. Stampfl, and M. Scheffler, Phys. Rev. L
~submitted!.

17G. S. Leatherman, R. D. Diehl, P. Kaukasoina, and M. Lindro
Phys. Rev. B53, 10 254~1995!.

18N. Otha, Y. Ohno, and T. Matsushima, Surf. Sci.276, L1 ~1992!.
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