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issing-row reconstruction in the system (2 X 1)O/A (110):g: surface extended x-ray-absorption
fine-structure study
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Oxygen K-edge surface extended x-ray-absorption fine-structure stu
'

e ong- ri ge adsorption site with a nearest-nei
n ne-s ructure studies on the (2X1)O/Ag(110) sys-

arest-neighbor 0—Ag bond length of 2.05+0.03 A.
ey s ow t at oxygen adsorbs close to the surface inducing a reconstruction of

Structural similarities of the (2 X 1)O h
cing a reconstruction of the missing-row type.

p ases on Ni(110), Cu(110), and Ag(110) are d'

INTRODUCTION

Dunng the past few years, studies of surface structure
and chemisorption have revealed that adsorbate-induced
restructuring of a surface seems to be the rule rather than
the exception. ' Among the different types of restructur-
ing are such where adsorbates induce a reconstruction of
an unreconstructed clean surface. This happens, for ex-
ample, with alkali-metal atoms adsorbed on Ni(110),
Cu(110), and Ag(110). These metal surfaces then ado t
a (1X2 "mi

ces en a opt
a missing-row" reconstruction with every th
[ ] row missing. The alkali-metal atoms induce a new
sur ace periodicity without, however, forming an ordered
overlayer.

The same fcc (110) metal surfaces also reconstruct on

(2X1 .
oxygen adsorption. In this case the reconstructiouc ion is

). Contrary to alkali-metal atoms on the (1X2)
reconstructed surfaces oxygen is an integral t f hpar o t e

Ni 11
) structure. The (2X1) phases of o

i( 0), Cu(110), and A.g(110) show remarkable similari-
ty. In all cases the 0 atoms are located close to the sur-
ace on bridge sites in the [001] direction, ' presum-

ably with a slight displacement in the [1 10] direction to
an asymmetric site in the case of N' ' Th
clear ev'c ear evidence that the reconstruction for both
(2 X 1)O/Ni(110) (Ref. 5) and (2 X 1)O/Cu(110) (Refs.
6—9 and 11& is ofof the missing-row type with every other
[001] row missin . R]

' '
g. Recently scanning-tunneling micros-

copy STM) investigations have revealed a novel mecha-
nism for the formation of the oxygen chemisorption
phases on Cu(110) (Ref. 12) and Ni(110) mobile sub-
strate atoms diffusing across the terraces of the fo e sur ace

equa y mobile chemisorbed Q atoms form linear O-
Cu (0-Ni) chains along the [001] direction as strongly an-
isotropic nuclei of the (2 X 1)O phase.

S
Early surface extended x-ray-absorption fi - t

10
ne-s ructure

( EXAFS) studies on (2X1)O/Ag(110) confirmed the
long-bridge adsorption site' with th e oxygen atoms lo-
cated within a perpendicular distance of 0.2 A to the
outermost silver atoms. Reduced data quality, however,

id not allow any further information. A low-energy
ensi y ana ysis showedelectron-diff'raction (LEED) intensit 1

' '5 h
t at the long-bridge model on an unreconstructed surface
was not satisfactory. Recently a He-beam-scattering ex-

periment' suggested that the Ag(110) surface recon-
structs on oxygen adsorption and gave evidence that the
reconstruction is of the missing-row t hw ype, w ereas a quite
recent angle-resolved ultraviolet photoelectron spectros-
copy (ARUPS) study' could not distinguish between a

port here SEXAFS data which strongly support a
missing-row reconstruction and which clearly rule out
both a bulk-terminated surface and a buckled-row recon-
struction for the (2 X 1)O/Ag(110) system.

EXPERIMENTAL

Thehe experiments were conducted at the electron
storage ring BESSY in Berlin with th e grazing-incidence
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FIG. 1. Oxygen K-edge SEXAFS spectra for
(2X 1)0/A (110) (left&

100) (above) and (110) (below) azimuths and their corre-
sponding Fourier transforms. R R d R
d

0

~, an 4 correspond to
, and fourth-istances from the adsorbed oxygen to NN NNN,

nearest-neighbor Ag atoms (cf. Fig. 2, left). Th
denoted "RT" are

e . e structures
o e are due to the generalized Ramsauer-Townsend

efFect (Ref. 21) and "'MS" ccorresponds to multiple-scattering
paths depicted in Fig. 2, right.
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RESULTS AND DISCUSSION
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absorbing-atom site and the vector r, . from the absorbing
atom to the jth atom in the Ith shell. According to Eq.
(1), for a long-bridge adsorption site (cf. Fig. 2) the
Fourier transforms are dominated by the nearest-
neighbor (NN) 0-Ag distance R, for Eii [001] and by the
next-nearest-neighbor (NNN) 0-Ag distance R2 for
E~i [110]. Using the linearized 0-Ag reference phase shift
of /=0. 26k+3. 5, values of R, =2.05+0.03 A and
R2=2.21+0.03 A are calculated which are in excellent
agreement with the early SEXAFS results. ' We should
point out here that due to the oxygen adsorption close to
the surface we cannot determine the oxygen location and
a possible surface relaxation hd&2 with the desired accu-
racy. The value of R& is only dependent on the perpen-
dicular distance z from the 0 atoms to the NN (surface)
Ag atoms and for small z values R

&
is almost independent

0

of z. It is calculated as z=0.2+0.2 A (above or below
the surface). The NNN 0-Ag distance R2 involves
second. -layer Ag atoms and thus depends on the sum
z +kd ]2- Neglecting a possible lateral shift of the NNN
Ag atoms, the latter is determined as z +kd &z

=0.23+0.04 A. Within experimental accuracy our bond
length determinations are therefore in agreement with a
whole set of oxygen locations between 0.4 A above and
0.4 A below the surface and corresponding relaxations
between —0. 17 and 0.63 A, respectively. Assuming an
unrelaxed surface and laterally unshifted second-layer Ag
atom. s, the 0 atoms would be 0.23 A above the surface.
This experimental distance is in good agreement with
theoretical values of 0.29 A (Ref. 23) and of 0.26 A (Ref.
24) obtained from cluster calculations. Also, the ARUPS
results' suggesting an oxygen location 0.2+0.2 A above
the silver atoms which are displaced outward by 0.2+0.2
0
A are in agreement with our measured values of
z+ hd &z

=0.23+0.04 A. For a determination of Ad &2 we
must await LEED or ion-scattering studies on the same
system.

As for (2X1)O/Cu(110), " the only other structural
peaks sticking out of the noise level in the Fourier trans-
forms of Fig. 1 correspond to multiple-scattering (MS)
paths (Eii [001])and to the fourth-nearest (R4) neighbors
(Eii[110]). This is confirmed by SEXAFS simulations
which we performed using the standard formula
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FIG. 5. SEXAFS simulation (solid line) for Eii[110] assum-
ing a missing-row reconstruction compared with experiment
(dashed line) and their corresponding Fourier transforms.

for an unreconstructed surface and for reconstructions of
the buckled-rom and missing-rom types. Backscattering
amplitudes F;(k) and linearized phase shifts were taken
from McKale et al. ;

' the mean free path was set at A. =5
A, and the Debye-Wailer-like tenn properly adjusted.
In Fig. 3 SEXAFS simulations (solid line) for Eii [001]are
compared with experiment (dashed line) using single
scattering (SS) only (above) and including MS events
(below). It is seen from Fig. 3 that a good fit is only ob-
tained by taking into account MS. It turns out that the
two MS paths O(1)-Ag-O(2)-O(1) and O(1)-Ag-O(2)-Ag-
Q(1) with quasicollinear Q-Ag-O arrangements (cf. Fig. 2)
are mainly responsible for the peak around 4.5 A.

As for (2X1)Q/Cu(110) (Ref. 11) third-nearest neigh-
bors (R3) on an unreconstructed surface (cf. Fig. 2)
should show up as a strong peak in the Fourier transform
of the SEXAFS data for E~i [110]. This is shown in Fig. 4
(middle) where a SEXAFS simulation (solid line) is com-
pared with experiment (dashed line). The peak due to
R 3, which interferes with the Ramsauer-Townsend struc-

)fc —2,cr k —2R /A,y(k)= —g F (k)e ' e ' sin[2kR;+g;(k)]
l

(2)

0
~ ~ 0

TABLE I. Nearest-neighbor bond distances R
&

(A) and corresponding vertical distances z (A) of ox-
ygen adsorbed in long-bridge sites on Ni(110), Cu(110), and Ag(110) surfaces.

LEED (Ref. 4)
LEED (Ref. 22)
LEED (Ref. 23)
IS (Ref. 24)
IS (Ref. 25)
SEXAFS (Ref. 3)
SEXAFS (Ref. 5)
This work

1.78

1.77

1.85'

Ni(110)

0.20

0.23

1.81
1.81

1.81

1.82

Cu(110)

0.04
0.02

—0.08

Ag(110)
R,

'This rather high value is probably due to an incorrect phase shift.
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TABLE II. Measured nearest-neighbor bond distances R, (A), covalent single-bond radii R „(A)
(Ref. 27), calculated bond distances R(calc. ) (A) according to Eq. (3) and AR =R&(expt. ) —R(calc. )

values for oxygen in long-bridge sites on Ni(110), Cu(110), and Ag(110). The covalent single-bond ra-
dius of oxygen was assumed as Ro =0.74 A (Ref. 26).

Substrate

Ni(110)
Cu(110)
Ag(110)

Rmet

1.24
1.28
1.44

Ro+Rmet

1.98
2.02
2.16

R(calc)

1.84
1.89
2.03

R &(expt. )

1.78
1.81
2.05

—0.06
—0.08
+0.02

ture of the main peak, is not observed in the experiment.
For the same simulation the contributions of the indivi-
dual shells are also depicted in Fig. 4 (right), demonstrat-
ing the interference of R3 with the RT structure of the
main peak. A simulation for a missing-row reconstructed
surface, on the other hand, is in excellent agreement with
experiment as it is seen in Fig. 5. For a buckled-row
reconstructed surface with alternate [001] Ag rows dis-
placed outward by 0.2 A (Ref. 13) and with the oxygens
located either in the buckled or unbuckled [001] rows, the
position of the peak denoted "RT+R3" in Fig. 4 practi-
cally does not change and its amplitude is dift'erent by less
than 10%. Therefore, an unreconstructed Ag surface as
well as a Ag surface with a buckled-row reconstruction
involving a buckling of some tenth of an angstrom must
be excluded. This result is in agreement with the recent
He beam-scattering experiment. '

Accepting that the reconstruction is indeed of the
missing-row type, the surface structures of the (2X1)0
phases on Ni(110), Cu(110), and Ag(110) show striking
similarity. In Table I the NN 0-metal bond lengths R

&

and the corresponding perpendicular distances z of the
adsorbed oxygen in the long-bridge site from the surface
atoms as suggested by recent LEED, ion scattering (IS),
and SEXAFS studies are listed. As already mentioned,
the latter cannot determine z with a desired accuracy, be-
cause for an oxygen location close to the surface R, is al-
most independent of z. The measured R, for
(2X 1)0/Ag(110) suggests, however, that oxygen adsorbs
most probably within 0.2 A to the surface as it also does
on Ni(110) and Cu(110). The same long-bridge adsorp-
tion site and the same type of reconstruction might indi-
cate a similar mechanism for the formation of the oxygen
chemisorption phases on these three (110) surfaces. In
the cases of Cu(110) (Ref. 8) and Ni(110) (Ref. 9), metal
atoms evaporating from steps and oxygen atoms originat-
ing from dissociative adsorption form strong metal-0
bonds due to a strong attractive interaction. This in-
teraction appears to be strongest in the [001] direction so
that metal-0 chains grow along this direction. A weaker
attractive interaction between neighboring metal-0 rows

finally is responsible for the growth of the (2X 1)0 phase
which can be characterized by an "added row" recon-
struction.

Finally, we compare the measured NN bonded lengths
R

&
for oxygen on Ni(110), Cu(110), and Ag(110) with the

corresponding calculated length of a covalent single bond
in a bulk-like system according to

R(calc)=Ro+R „—c(yo —y „),
where Ro, R „are covalent single bond radii and g~,
g „are Pauling electronegativities. c is an empirical
coefficient equal to 0.08 A. Using Ro =0.74 A (Ref. 26)
and the electronegativities of 3.5, 1.8, 1.9, and 1.9 for 0,
Ni, Cu, and Ag, respectively, we obtain the values
R(calc) listed in Table II, column 4. The last column of
Table II shows the difference bR =R, (expt. ) —R(calc. )

which is rather similar for Ni(110) and Cu(110), but
definitely higher for Ag(110). As there seems to be a gen-
eral relation between the b,R value and the ionicity (or
covalency) of a surface bond, we might also say that the
0-Ag(110) bond is more iomc than both the 0-Ni(110)
and 0-Cu(110) bonds. This could be analogous to the
more ionic Cl-Ag surface bonds relative to those for Cl-
Cu on (111),(100), and (110) surfaces. s

In summary, our SEXAFS results for (2 X 1)0/Ag(110)
show that oxygen adsorption on Ag(110) induces a sur-
face reconstruction of the missing-row type as it has al-
ready been found for (2X 1)0/Ni(110) [Cu(110)]. We
would like to point out the relevance of our study to in-
dustrial catalysis where silver-based catalysts are used for
the epoxidation of ethylene and for the partial oxidation
of methanol. An oxygen-induced reconstruction might
well aImect the catalytic activity of the metal surface.
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