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A multiple-scattering analysis of low-energy electron-diffraction intensities has been made for
the Cu(110)2x 1-0 surface structure, a system for which different techniques have recently been

providing very different conclusions regarding both the nature of the reconstruction of the copper
structure and the height that the 0 atoms are held above (or below) the topmost Cu layer. The
analysis here used nine diffracted beams at normal incidence, and it confirms the missing-row
model for this surface. We find that the 0 atoms are held around 0.04 A above the Cu atoms,
while the first-to-second and second-to-third Cu-Cu interlayer spacings are expanded by 16% and
contracted by 5%, respectively, from the bulk value. There is a vertical buckling in the third Cu
layer by about 0.07 A, and a possibly slight lateral relaxation (magnitude 0.03 A) in the second
copper layer.

The reconstructions and relaxations that may be in-
duced in metal surfaces of low-index orientation in the
presence of submonolayer coverages of chemisorbed oxy-
gen can provide a significant challenge in surface science.
One particular case concerns the structure formed by a
half-monolayer coverage of 0 on the (110) surface of
copper, for which low-energy electron diffraction (LEED)
shows a (2x 1) translational symmetry. ' Many studies
with a wide range of techniques agreed that the 0 atoms
chemisorb on long-bridge sites (i.e., sites of twofold coor-
dination along the [001] direction which bridge pairs of
Cu atoms in adjacent rows parallel to [110]), ' al-
though the height of 0 relative to the topmost Cu layer
has varied very widely. Early work with low-energy-ion
scattering (LEIS) indicated that 0 was up to 0.6 A below
the Cu layer, although more recent analyses range from
0.35 A. above by surface extended x-ray-absorption fine
structures 7 (SEXAFS) and near-edge x-ray-absorption
fine structure to 0.1+' 0.1 A below according to the latest
LEIS study. ' The situation is further confused regarding
any reconstructions or relaxations that occur in the struc-
ture of copper in the vicinity of the chemisorbed 0 atoms.
Some studies, for example, with LEIS,2'e impact-
collision ion-scattering spectroscopy (ICISS), "He atom
diffraction, and SEXAFS, have concluded that every
other [001] row in the topmost Cu layer (specifically those
adjacent to the 0 atoms) is missing. However, even
within the missing-row (MR) model there are discrepan-
cies; for example, the LEIS and ICISS analyses indicate
substantial expansions in the first-to-second metal inter-
layer spacing, ' "whereas the SEXAFS analysis assumes
this spacing holds at the bulk value. By contrast, studies
with grazing-angle x-ray scattering, ' angular-resolved
photoemission spectroscopy, and high-energy ion
scattering' concluded that this surface structure fits the
buckled-row (BR) model in which alternating top-layer
Cu atoms along [110] have different heights above the
second metal layer. Supporting the latter conclusion is
the very recent analysis with scanning tunneling micros-

copy by Chua, Kuk, and Silverman' who reported that
the vertical displacement in the alternating Cu rows is as
much as 0.8+ 0.2 A, and that the 0 atoms are held below
the topmost Cu atoms so that the 0-Cu bond lengths ap-
proximate those both from the SEXAFS study and from
the structure of bulk Cu20. ' The contrasting structural
details reported for this surface indicate that independent
quantitative assessments are needed. Accordingly, we

have undertaken a multiple-scattering LEED analysis,
and that provides the subject of the present communica-
tion.

All experimental details closely follow those used in our
earlier quantitative LEED study for the chemisorption of
oxygen on the Cu(100) surface. ' Briefly, the single-
crystal sample was cut and polished to within 0.2' of the
(110)plane, and after sufficient ion bombardment and an-
nealing cycles inside the vacuum chamber the surface was
shown to be clean by Auger electron spectroscopy and to
give a sharp (1 &&1) LEED pattern. This surface was then
exposed to reagent grade oxygen, and the optimal adsorp-
tion conditions were determined by measuring spot
profiles for the half-order beams. The sharpest (2xl)
LEED patterns were obtained with a 5-min exposure to
oxygen at 4x10 Torr followed by a 5-min anneal at
100'C. Intensity-versus-energy [I(E)] curves for normal
incidence were recorded over the approximate energy
range 50-250 eV for the nine diffracted beams designated
(0,1), (1,1), (2,0), (2, 1), (0, —,' ), (1, —,' ), (0, —', ), (1, —', ),
and (2, —,

' ) using the beam notation defined by Zanazzi
et a!. ' The details in the measurement procedures fol-
lowed those given previously. ' '

The LEED multiple-scattering calculations in this
analysis used standard procedures. ' Briefly, the multi-
ple scattering between atomic layers was calculated with
the layer-doubling method, although composite layers
were added with the combined-space formalism when
small interlayer spacings were involved. ' All non-
structural parameters were kept the same as those used in
our recent study of 0 chemisorption on the (100) sur-
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FIG. 1. The missing-row (MR) and buckled-row (BR) mod-

els for the Cu(110)2x 1-0 surface structure, where the 0 atoms
are shown as small solid circles. The upper figures indicate
views from the top, while the lower figures give corresponding
views from the side. Atoms in the second Cu layer are shown by
dashed circles. Positive values for the buckling parameters d1 1

and d33 for the first and third Cu layers, respectively, and for the
lateral relaxation b in the second Cu layer (MR model), corre-
spond to displacements in the directions shown by the relevant
arrows (negative values correspond to displacements in the op-

posite directions to those shown here). Where layer buckling is

included, interlayer spacings are defined by the vertical separa-
tion between a bottom atom in the top layer and a top atom in

the bottom layer.
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face. ' ' Emphasis was given here for the BR and MR
models of the Cu(110)2x 1-Q surface although the non-
reconstructed (NR) model was also included for compar-
ison. The BR and MR models are illustrated in Fig. 1; the
NR model corresponds to the BR model with no buckling
in the first metal layer (i.e., dli 0.00 A where the
geometrical parameters varied in the study are also in-
cluded in Fig. 1). The measured I(E) curves were com-
pared in the first instance with those calculated for the
models corresponding to the parameters given in Table I;
the comparisons being made both by visual analysis and
with the numerical many-beam reliability index RMzq.
This index (or R factor) relates to that introduced by
Zanazzi and Jona, z' but in the modified version proposed
by Van Hove and Koestner. The objective of the calcu-
lations is to find the geometrical model which can give the
best match to the experimental intensity curves, and cor-
respondingly give the lowest value for the reliability index.

Results for the BR model show that the correspondence
with the experimental I(E) curves increases as the buck-
ling parameter dl1 in the calculations decreases; indeed

FIG. 2. l(E) curves measured at normal incidence for the

(2,0), (0, i ), (0, —', ), and (2, —,
' ) beams (shown as dashed lines)

from Cu(110)2&1-0 and compared with calculated curves for
the nonreconstructed (NR) model (with dol 0.00, di2 1.36
/It), the buckled-row (BR) model (with dol —0.40, d1 1 0.80,
di2 1.26 A), the missing-row (MR) model (with dpi 0.00,
dlq 1.49 A) and the optimized missing-row (OMR) model
(optimized parameters specified in Table II).

the NR model appears favored relative to the BR model.
The initial LEED results show further that (i) the optimal
position of Q is close to coplanar with the topmost Cu lay-
er in both the NR and MR models, and (ii) the MR mod-
el gives a better correspondence with the experimental in-
tensities than the NR model. Comparisons between ex-
periment and calculation are shown in Fig. 2 for just four
representative beams to save space, but three are frac-
tional-order beams. The curves marked BR are

NRBRMR

dol —0.20 (0.10) 0.10
dip 1.26 (0.05) 1.61

doi —0.40 (0.20) 0.20
dll —0.80, —0.60, —0.40, —0.15

0.15, 0.40, 0.60, 0.80
dip 1.26 (0.05) 1.61

dpl 0.20 (0.10) 0.40
dig 1.26 (0.05) 1.61

TABLE I. Ranges of parameter values (all in A) included in the initial multiple scattering calcula-
tions for the missing-row (MR), buckled-row (BR), and nonreconstructed (NR) models of the
Cu(110)2 x 1-0 surface structure. Parameters for deeper layers are fixed at the values for bulk Cu.
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specifically for the model proposed by Chua etal. '; it
seems clear that the LEED evidence does not support that
model. In Fig. 2, NR and MR identify calculated curves
for models where 0 is coplanar with the topmost Cu
atoms and the spacing d ~2 is chosen for optimal
correspondence with the experimental curves. At this
stage for the MR model RstzJ is 0.228 for the nine
diffracted beams.

Following the conclusion from the initial analysis that
the MR model provides a better account of the experi-
mental l(E) curves than the NR or BR models, the next
step is to see how far the correspondence can be increased
by considering further relaxations in the MR model,
specifically for lateral relaxations parallel to the [110]
direction in the second copper layer, and a buckling in the
third copper layer. Table II reports the ranges of parame-
ter values included in the further analysis, as well as the
values that minimize RsszJ according to a standard inter-
polation routine. The curves calculated for this model are
marked optimized missing row (OMR) in Fig. 2, and for
the nine beams RNtzq is reduced to 0.196. The correspon-
dence between experiment and calculation is at a good
level for all diffracted beams; this indicates that the struc-
ture is basically correct, although a number of further
refinements are still possible. These could include con-
sideration of Q asymmetrically placed with respect to the
surface, as suggested for the corresponding surface of
nickel both by a recent electron-energy-loss spectroscopy
study2s and by a preliminary LEED analysis. The un-
certainties for the optimal parameters quoted in Table II
are estimated at + 0.03 A.

In summary we believe this LEED analysis has clarified
some controversial details for the Cu(110)2&1-0 surface
structure. The new evidence supports the missing-row
model with 0 atoms adsorbing in long-bridge sites while
held close to, although probably slightly above, coplanari-
ty with the topmost Cu atoms. This result is very close to
the limits of uncertainty in the recent results from

TABLE II. Ranges of parameter values (all in A) (defined in

Fig. 1) included in the more detailed analysis for the missing-
row model of the Cu(110)2x 1-0 surface, and the optimal
values which minimize R+zJ.

do)

d23

dye

Range

0.00 (0.02) 0.10
1.26 (0.05) 1.61

—0.10 (0.05) 0.10
1.16 (0.05) 1.51

—0.10 (0.05) 0.10

Optimal

0.04
1.49
0.03
1.21
0.07
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LEIS. ' The first-to-second Cu-Cu interlayer spacing ex-
pands by about 16% from the bulk value, while the
second-to-third spacing contracts by about 5%. These re-
sults agree closely with the latest evidence from LEIS. 'o

In addition, we report a barely significant lateral relaxa-
tion in the second copper layer, and a buckling in the third
Cu layer of about 0.07 A. The possibilities of both these
latter relaxations have been recognized in a very recent
study of the corresponding surface of nickel. 2s Interest-
ingly it appears that the half-monolayer coverage of 0 on
the (110) surfaces of nickel and copper are very similar,
even though the corresponding (100) surfaces are quite
different. 's Finally, for Cu(110)2X 1-0, we find the two
pairs of 0-Cu bond lengths have values of 1.81 and 1.98
A; the corresponding values from SEXAFS are 1.84 and
2.00 A although different assumptions were made in that
study. ' The average Q-Cu bond length found here is
intermediate between the values in bulk Cu20 (1.84 A)
and CuO (1.95 A), '5 where 0 bonds to four neighboring
Cu atoms in each case.

'G. Ertl, Surf. Sci. 6, 208 (1967).
R. P. N. Bronckers and A. G. J. de %'itt, Surf. Sci. 112, 133

(1981).
J. Lapujoulade, Y. Le Crucer, M. Lefort, Y. Lejay, and E.

Maurel, Surf. Sci. 11$, 103 (1982).
4H. Niehus and G. Comsa, Surf. Sci. 140, 18 (1984).
5R. A. Didio, D. M. Zehner, and E. W. Plummer, J. Vac. Sci.

Technol. A 2, 852 (1984).
6U. Dobler, K. Baberschke, J. Haase, and A. Puschmann, Phys.

Rev. Lett. 52, 1437 (1984).
M. Bader, A. Puschmann, C. Ocal, and J. Haase, Phys. Rev.

Lett. 57, 3273 (1986).
SU. Dobler, K. Baberschke, D. D. Vvedensky, and J. B. Pendry,

Surf. Sci. 17$, 679 (1986).
9J. M. Mundenar, A. P. Baddorf, E. %'. Plummer, L. G. Sned-

don, R. A. Didio, and D. M. Zehner, Surf. Sci. 188, 1S
(1987).

' E. Van der Riet, J. B. J. Smeets, J. M. Fluit, and A. Niehaus,
Surf. Sci. 214, 111 (1989).

"J.A. Yarmoff, D. M. Cyr, J. H. Huang, S. Kim, and R. S.
Williams, Phys. Rev. B 33, 3&56 (1986).

' K. S. Liang, P. H. Fuoss, G. J. Hughes, and P. Eisenberger, in
The Structure ofSurfaces, edited by M. A. Van Hove and S.
Y. Tong (Springer-Verlag, Berlin, 1985), p. 246.

'sR. Feidenhans'I and I. Stensgaard, Surf. Sci. 133,453 (1983).
' F. M. Chua, Y. Kuk, and P. J. Silverman, Phys. Rev. Lett. 63,

386 (1989).
'~N. Datta and J. %. Jeffery, Acta Crystallogr. Sect. B 34, 22

(1978).
' H. C. Zeng, R. A. McFarlane, R. N. S. Sodhi, and K. A. R.

Mitchell, Can. J. Chem. 66, 2054 (1988).
'7E. Zanazzi, M. Maglietta, U. Bardi, F. Jona, and P. M.

Marcus, J. Vac. Sci. Technol. A 1, 7 (1983).
' H. C. Zeng, R. N. S. Sodhi, and K. A. R. Mitchell, Surf. Sci.

177, 329 (1986).
'9J. B. Pendry, Low Energy Electron Digraction (Academic,

New York, 1974).
2OM. A. Van Hove and S. Y. Tong, Surface Crystallography by

LEED (Springer-Verlag, Berlin, 1979).
'S. Y. Tong and M. A. Van Hove, Phys. Rev. B 16, 14S9

(1977).
H. C. Zeng, R. A. McFarlane, and K. A. R. Mitchell, Surf.



LOW-ENERGY ELECTRON-DIFFRACTION CRYSTALLOGRAPHIC. . . 5435

Sci. 20$, L7 (1989).
23E. Zanazzi and F. Jona, Surf. Sci. 62, 61 (1977).
z4M. A. Van Hove and R. J. Koestner, in Determination ofSur

face Structure by LEED. edited by P. M. Marcus and F. Jona
(Plenum, New York, 1984), p. 357.

H. Ibach and M. Wuttig, in Reconstructive or Asymmetric

Adsorption on fcc(100) Metal Surfaces, Abstracts of Europe-
an Science Foundation Workshop, Erlangen, April, 1989 (un-
published).
G. Kleinle, J. Wintterlin, R. J. Behm, F. Jona, W. Moritz, and
G. Ertl, in Reconstructive or Asymmetric Adsorption on
fcc(100) Metal Surfaces (Ref. 25).


