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Characterization of the Cu„110…-„231…O reconstruction by means of molecular adsorption
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The binding energies and the structural properties of atoms and molecules adsorbed on the Cu~110!-~231!O
surface are intimately related to the precise geometry of the surface reconstruction. In particular, the adsorbate-
substrate interaction strongly depends on the characteristic parameters of the surface reconstruction, namely,
the relaxation between the first two Cu planes, the oxygen position above the surface, and the ionic nature of
the Cu-O bond. We propose a reliable estimate of these parameters by comparing semiempirical interaction
potential calculations to recent experimental results on the adsorption properties of Xe and N2 monolayers on
Cu~110!-~231!O. @S0163-1829~98!07639-5#
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I. INTRODUCTION

The chemisorption of H, O, or S is known to induce
reconstruction of the more open surfaces of various me
such as Cu or Ni.1 These reconstructed surfaces also con
tute a class of substrates for the physisorption of atomic
molecular species. Comparing the adsorption properties
the adlayer structure with those of the correspondingunre-
constructedsubstrates, one may expect to learn about
influence of the surface geometry and electronic structure
the details of physisorption process.

In this aim, we have studied the adsorption of Xe and2
on the clean Cu~110! surface2–5 and on the oxygen-
reconstructed Cu~110!-~231!O surface.6,7 The adsorption en-
ergies and the phase diagrams have been determined
helium-atom scattering and thermal-desorption spectrosc
As a result, it has been shown that the two surfaces beh
very differently with respect to the physisorption of Xe a
N2. Any quantitative analysis of these results primarily rel
on the accuracy of the substrate geometry and of the po
tial parameters used to describe the adsorbate-substrate
actions. Whereas the interaction of Xe and N2 with the un-
reconstructed~bulk! substrate was previously derived fro
experiments on the bare Cu~110! surface2,5 the parameters
connected to the oxygen-induced reconstruction had to
extracted from the literature. In this context, it was realiz
that the adsorbate geometries and binding energies cruc
depend on the positiondO and ionic characterqO of the
oxygen atoms, and on the interlayer spacingd12 between the
first two Cu planes of the Cu-O surface. The correct cho
of these values is, therefore, of great importance. Convers
we may take advantage of the high sensitivity of the ads
bate geometry and the binding energies on the details of
surface reconstruction to determine reliable values for
parametersqO, dO, and d12 from the comparison with the
experimental data, and, in this way, to extract accurate in
mation on the structure of the reconstructed surface.

In this paper we discuss how to use the physisorption
simple molecules as a sensitive probe of the surface ge
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etry and charge distribution. This approach is based on
assumption that the physisorption does not significantly
fect the surface reconstruction nor the strong ionic or me
lic Cu-O and Cu-Cu bonds, respectively. This assumption
consistent with the observation, using helium-atom scat
ing, of the structure of the Xe~or N2! recovered (231)
Cu-O phase which exhibits the same diffraction peaks
those of the bare Cu-O surface. Moreover, it can be arg
that simple physisorbates are probably a very adequate
softer probe of the substrate reconstruction when compa
to more perturbative techniques based on electrons and x
beams, and to chemisorbed species.

In Sec. II, we present the available experimental data
the oxygen-induced surface reconstruction of the Cu~110!
surface, and discuss the values of the relevant parame
characterizing the surface geometry. In Sec. III, we desc
calculations predicting the stable monolayer phases for
and N2 on the Cu~110!-~231!O surface, and the correspond
ing adsorption energies. In Sec. IV, these results are c
pared to the experimental data. From this comparison
extract a well-defined set of values forqO, dO, and d12
which can consistently explain both the physisorption of
and N2 on the reconstructed Cu~110!-~231!O surface.

II. GEOMETRY OF THE CU „110…-„231…O SURFACE

There has been a long debate on the nature of the oxy
induced surface reconstruction of the Cu~110! surface. Since
the pioneering work of Ertl8 it has been well known that the
adsorption of half a monolayer of oxygen results in a 231
superstructure. Low-energy ion-scattering experiments9–12

reported a missing-row reconstruction where every ot
@001# Cu row on the surface is absent. This model was a
supported by surface extended x-ray-absorption fi
structure measurements.13,14 On the other hand, high-energ
ion-scattering15 and scanning tunneling microscopy~STM!
~Ref. 16! suggested a buckled-row model in which eve
second row is not missing but shifted outwards.17 This was
contradicted by x-ray diffraction measurements,15 low-
energy electron diffraction,18 and impact collision ion scat
tering spectroscopy~ICISS!,19,20 again confirming the
9998 © 1998 The American Physical Society
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missing-row-type reconstruction. More recent STM data21,22

could finally settle the discussion in favor of a missing-ro
type reconstruction which, however, should be viewed as
‘‘added-row’’ phase due to the mechanism of its formatio
In fact, the restructuring proceeds via the nucleation of ad
Cu-O rows running along the@001# direction which aggre-
gate into striped islands23 with a 231 structure, eventually
leading to a homogeneous Cu~110!-~231!O phase for an
oxygen coverage of 0.5. The added-row mechanism was
confirmed in ICISS experiments,24 and now seems to be gen
erally admitted. Furthermore, all studies seem to agree
the oxygen is located in the long bridge site between ne
boring Cu atoms along the added rows, but they disagre
the height of the oxygen atom above or below the first c
per layer, and on the extent of the interlayer relaxation
tween the topmost Cu layers. Calculations based on the
fective medium theory,25 a semiempirical tight-binding
approach,26 the local-density approximation,27 and anab ini-
tio molecular-orbital cluster model28 were performed to
study the surface relaxation and the oxygen position.

A summary of the structural parameters pertaining to
reconstruction~see Fig. 1! was presented in Refs. 20 and 2
It shows that the lateral displacements~parallel to the sur-
face! of the Cu atoms remain very small, as does the rel
ation between the second and third Cu planes. In cont
the spacingd12 between the first two Cu planes and t

FIG. 1. ~a! Top view of the reconstructed Cu~110!–~231!O sur-
face ~added row model!. The oxygen and copper bridge sites a
labeledBO and BCu. ~b! Side view of the Cu~110!–~231!O sub-
strate. The large and small circles correspond to copper and ox
atoms, respectively.dpp8 denotes the interlayer spacing between
planesp and p8. In our cased235db , the separation of~110!
planes in the bulk Cu.
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height dO of the oxygen atoms above the Cu added ro
exhibit a significant variation, depending on the data sou
An examination of these data reveals that the values fordO
andd12 are strongly correlated~Fig. 2!, and that the overall
trend can be accounted for by a simple linear regression

dO521.6953d1212.497 Å. ~1!

The coefficients have no physical meaning, but this c
relation can nevertheless be used to limit the discussio
only two independent parametersd12 and qO. Information
on the charge transferqO from Cu to the oxygen atoms is no
available from experiments, and the single known value
the one provided by theab initio calculation in Ref. 28,
indicating a charge transfer of about2(1.0560.02)e ~e is
the electronic charge!. This is quite a large value and, ther
fore, we considerqO as an adjustable parameter.

III. THEORETICAL MODEL AND RESULTS

The interaction between a single N2 molecule and the
Cu-O substrate is described as a sum of~i! the Lennard-Jones
potential VLJ which accounts for the dispersion-repulsio
contribution,~ii ! the induction potentialVI which character-
izes the polarization of the N2 electronic cloud by the electric
field due to the surface charges on the oxygen and cop
atoms, and~iii ! the electrostatic potentialVE between the
quadrupole moment of N2 and the surface charges.7 The in-
teraction between Xe and the Cu-O surface contains only
first two potential terms.6 This adsorbate-substrate intera
tion potential is written in the two-dimensional~2D! recipro-
cal space defined by the 231 unit cell with areaS52&a2

en

FIG. 2. Experimental values of the interlayer spacingd12 be-
tween the first two Cu planes and of the positiondO of the oxygen
with respect to the topmost Cu plane~open circles!. The linear
regression through the data points~solid line! shows the strong
correlation between the two parameters@cf. Eq. ~1!#. The filled
circle indicates our best-fit parameter setd1251.6060.05 Å and
dO520.2160.1 Å. The open square represents the calculation
Ref. 27. The error bars are given for each bit of experimental d



.
-

of

er
ls

l

re

in-
ized
the
ular
i-
,

een
site

e-
ub-

c-

e
ent.
y on
of

e
are

n

r

ge.
at-

er-

25
es

the

ng

10 000 PRB 58V. POUTHIERet al.
(a52.55 Å is the lattice parameter! of the Cu-O substrate
Let g5gx(2p/a)x1gy(&p/a)y be the 2D reciprocal vec
tor ~with gx and gy integer numbers! and Risp5r i i2tsp
1zispz be the relative distance between thei th adsorbate
atom at the positionRi(r i i ,zi) and thesth oxygen or copper
atom in thepth plane of the substrate, wheretsp defines the
lateral position of thesth atom of thepth plane in the unit
cell @Fig. 1~a!#. The potentialFS at the pointRi which is due
to the surface chargesqs on the oxygen and copper atoms
the reconstructed substrate plane is expressed as

FS~Ri !5
2p

S (
s,p

(
g

qs

g
eig~r i i2tsp!e2gzisp. ~2!

VLJ is then given by

VLJ5
2p

S (
i

(
s,p

(
a56,12

~21!a/2Ca
is

S a

2
21D !

(
g

eig~r i i2tsp!

3S g

2zisp
D ~a/2!21

K ~a/2!21~gzisp! ~3!

whereCa
is characterizes the potential parameters~a56 and

12! for the (i ,s) atomic pair~Table I!, and K (a/2)21 is the
modified Bessel function of integer order.

VI can be expressed as

VI52 1
2 (

i
¹FS~Ri !a i¹FS~Ri !, ~4!

wherea is the dipolar polarizability tensor for the Xe or N2
molecules which takes the valueaXe54.0 Å3 and aN2

51.76 Å3 in the molecular frame. Finally,VE ~for N2 only!
is given by

VE5(
i

qiFS~Ri !, ~5!

whereqi are charges distributed on the N2 molecule to de-
scribe its quadrupolar nature~qi520.405e on each N site,
and 0.810e at the molecule center of mass!.

VLJ in Eq. ~3! depends on the reconstruction paramet
dO and d12 through zisp , whereas the two other potentia
@Eqs. ~4! and ~5!# also depend onqO through the chargeqs
enteringFS in Eq. ~2!. The lateral interactions~between Xe
atoms or between N2 molecules! are described by the usua

TABLE I. Lennard-Jones potential parameters for the N2-CuO
and Xe-CuO interactions.

C6 (eV Å6) C12 (eV Å12)

N-N 16.8 22 524.0
N-Cu 36.5 102 035.6
N-O 16.4 17 953.6

Xe-Xe 342.0 1 176 056.0
Xe-Cu 159.0 687 015.1
Xe-O 108.9 171 162.9
s

dispersion-repulsion and electrostatic~for N2, only!
potentials.2–5 The values of the potential parameters a
given in Table I.

The total potential, including the adsorbate-substrate
teractions and the lateral adsorbate interactions, is minim
with respect to the position of the centers of mass of
adsorbed molecules and to the orientation of the molec
axes~for N2!, treatingd12 andqO as parameters. The numer
cal method is similar to previous studies,2–7 except that, here
the values ofd12, qO, anddO @through Eq.~1!# are varied.

A single Xe atom is adsorbed inside the troughs betw
neighboring Cu-O added rows. The energetically favored
corresponds to an oxygen-bridge siteBO for small values of
d12, but changes to a copper-bridge siteBCu for large values
of d12 @Fig. 1~a!#. With increasing Xe coverage, the comp
tition between the lateral Xe-Xe interactions and the s
strate corrugation, which is directly related to the value ofdO
and, hence, tod12, tends to favor commensurate Xe stru
tures for d12,1.30 Å and for d12.1.70 Å. In contrast,
within the range 1.30 Å<d12<1.70 Å, the stable Xe phas
becomes incommensurate, as observed in the experim6

The calculated adsorption energy depends almost linearl
d12 within this range of values but it is nearly independent
the chargeqO @Fig. 3~a!#. The experimental value of 223
66 meV is obtained in the calculations ford1251.60 Å,
with an uncertainty which further confines the values ford12
to

1.55 Å<d12<1.65 Å. ~6!

In the case of N2, we proceed in the same way. Thre
different adsorption sites for a single adsorbed molecule
obtained in the calculation, depending on the value ofd12.
For d12,1.30 Å, the molecule is located inside the@001#
troughs above a Cu bridgeBCu with its axis normal to the
surface. Ford12.1.67 Å, the molecule lies flat above a
oxygen-bridge siteBO with its axis perpendicular to the
Cu-O rows. For 1.30 Å<d12<1.67 Å, the molecule is also
lying flat, but with its axis parallel to the rows. At highe
coverage, the N2 molecules form a 2D lattice gas ifd12 is
inside the range 1.30 Å<d12<1.67 Å, while an ordered 2
31 commensurate structure is obtained outside this ran
The lattice-gas formation is in agreement with the He sc
tering data, indicating a low-density structure in this cov
age regime.7 The adsorption energy for N2 on the recon-
structed surface depends strongly on the values of bothd12
andqO, the latter dependence being specific to N2 @Fig. 3~b!#
when compared to Xe@Fig. 3~a!#. In Fig. 3~b! we indicated
the experimental value of the adsorption energy (1
66 meV) for comparison with the calculated energy curv
for N2. We find that the distanced12 which gives the correct
experimental value increases from 1.49 to 1.63 Å when
charge transfer increases from 0.5e to 1.0e. Taking into ac-
count the experimental error bars, we obtain the followi
ranges ford12, depending onqO:

1.30 Å<d12<1.58 Å for qO520.5e,

1.51 Å<d12<1.65 Å for qO520.8e, ~7!

1.57 Å<d12<1.70 Å for qO521.0e.
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FIG. 3. Variation of the adsorption energy pe
molecule as a function of the interlayer spacin
d12 for the Xe monolayer~a! and for the N2

monolayer~b!. The different curves correspon
to charge-transfer valuesqO equal to 20.5e,
20.8e, 20.9e, and 21.0e, respectively. The
horizontal lines indicate the experimental valu
obtained from thermal-desorption spectrosco
~dotted lines!, with error bars corresponding to
the experimental accuracy of66 meV ~solid
lines!.
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Smaller (uqOu,0.5e) or larger (uqOu.1.0e) values for the
charge transfer are clearly irrelevant since they would co
spond to unphysicald12 values.

IV. DISCUSSION

Examination of Eqs.~6! and ~7! shows that the value
which best fit the data are

d1251.6060.05 Å, ~8!

with an ionic charge on the oxygen atom equal to

qO.2~0.860.2!e. ~9!

From Eq.~1!, the corresponding value ofdO is

dO520.2160.10 Å. ~10!

In this model, the distance between the first two Cu plane
expanded by about 0.32 Å as compared to the bulk dista
db51.28 Å @Fig. 1~b!#. This result is fully consistent with
most of the experimental data, where the mean value20,27 is
1.5460.06 Å. The negative sign for the resulting value
dO @Eq. ~10!# indicates that the oxygen atoms liebelow the
first Cu plane. The value given by Eq.~10! is larger ~in
absolute size! than the average of the experimental valu
equal to20.0960.14 Å, but it should be noted that value
as large as20.34 Å have been determined from x-ra
-

is
ce

,

diffraction data.15 These values ofd12 anddO are quite dif-
ferent from the results of the calculations based on the lo
density approximation27 which give d1251.32 Å and dO

50.55 Å, i.e., an oxygen position above the first Cu pla
Ab initio molecular-orbital cluster model calculations28 ob-
tain dO50.31 Å if surface reconstruction and relaxation a
not allowed, anddO520.76 Å if the neighboring Cu atoms
are allowed to relax (d1252.25 Å). Although this latter ap-
proach is too rough to provide a reliable estimate of
surface relaxation, it probably gives a much better accoun
the nature of the interaction between the oxygen and sur
copper atoms. In particular, it shows that the interaction
highly ionic leading to a charge transfer of about one el
tron. This value is in very good agreement with the best
ionic chargeqO in Eq. ~9!.

In summary, we have determined reliable values fordO,
d12, andqO to characterize the oxygen-induced reconstr
tion of the Cu~110! surface. These values obviously depe
on the accuracy of the interaction potential between the
sorbate and substrate. Indeed, this potential must accoun
the corrugation experienced by the adsorbate to recover
experimental monolayer geometry, and it must give the
perimental value of the adsorption energy. The reliability
the coefficients of this potential has been tested for the
reconstructed clean Cu~110! substrate,2,4,5and we expect tha
the lateral interactions are well described, since these
related to the well-known polarizabilities and multipolar m
ments for Xe and N2. Regarding the assumptions on th
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reconstruction, the consideration of the second and t
plane relaxation could slightly change the proposed valu
but there is experimental evidence for this relaxation to
small. Besides, the lateral displacement of the Cu surf
atoms could also affect the geometry of the Xe and N2 ad-
layers. These displacements have been disregarded
since the experiments reveal that they are vanishingly sm
Within these weak limitations, the sensitivity of the adso
tion properties~structure and binding energy! to the substrate
geometry seems to be a strong argument in favor of the
ird
s,
e
ce

ere,
ll.
-

ro-

posed values for the parametersdO, d12, andqO. The rela-
tively large error bars fordO andqO values could be reduce
by reducing the interval given in Eq.~7!. Improvement of
this accuracy could be obtained after considering other
lecular adsorbates, such as polar molecules which shoul
still more sensitive to the oxygen charge. Extension of t
approach to other reconstructed substrates~including NiO,
AgO, etc.! could be done, but this would require prelimina
information on the relationship betweend12 and dO. Pres-
ently, it seems that these other substrates have not been
ied so intensively.1
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