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Characterization of the Cu(110)-(2x1)O reconstruction by means of molecular adsorption
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The binding energies and the structural properties of atoms and molecules adsorbed o e @ 1)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 Xg ammhdlayers on
Cu(110-(2%1)0. [S0163-18208)07639-5

I. INTRODUCTION etry and charge distribution. This approach is based on the

assumption that the physisorption does not significantly af-

The chemisorption of H, O, or S is known to induce afect the surface reconstruction nor the strong ionic or metal-

reconstruction of the more open surfaces of various metalic Cu-O and Cu-Cu bonds, respectively. This assumption is

such as Cu or N.These reconstructed surfaces also consti€onsistent with the observation, using helium-atom scatter-
tute a class of substrates for the physisorption of atomic o{19: OOf Lhe strur(]:.tur:e o;lgye Xheéor Np) f%‘:‘f‘;"ef?d (X 1?(

molecular species. Comparing the adsorption properties ar u-O phase which exhibits the same difiraction peaks as

the adlayer structure with those of the correspondinge- hgtsii?r: tlze ?}agsgruk;geiu;f?ece.r(l)\gg%elovaer\,’ eltr cr:lrgj ebeu:trguaendd
constructedsubstrates, one may expect to learn about thé pie phy P y y q

influence of the surface geometry and electronic structure Osofter probe of the substrate reconstruction when compared
; : 9 y tb more perturbative techniques based on electrons and x-ray
the details of physisorption process.

o ) . beams, and to chemisorbed species.
In this aim, we have studied Etge adsorption of Xe and N " 'sec |1, we present the available experimental data on
on the clean C@10 surfacé ang on the oxygen- ihe oxygen-induced surface reconstruction of the(1TQ)
reconstructed QU10-(2x1)O surface’’ The adsorption en-  gurface, and discuss the values of the relevant parameters
ergies and the phase diagrams have been determined usigaracterizing the surface geometry. In Sec. Ill, we describe
helium-atom scattering and thermal-desorption spectroscopgalculations predicting the stable monolayer phases for Xe
As a result, it has been shown that the two surfaces behawghd N, on the Ci§110)-(2x1)O surface, and the correspond-
very differently with respect to the physisorption of Xe anding adsorption energies. In Sec. IV, these results are com-
N,. Any gquantitative analysis of these results primarily reliespared to the experimental data. From this comparison we
on the accuracy of the substrate geometry and of the potemxtract a well-defined set of values fgg, do, andd;,
tial parameters used to describe the adsorbate-substrate intgfich can consistently explain both the physisorption of Xe
actions. Whereas the interaction of Xe angl\Wth the un-  and N, on the reconstructed €110-(2x1)O surface.
reconstructedbulk) substrate was previously derived from
experiments on the bare Q10 surfacé® the parameters Il. GEOMETRY OF THE CU (110-(2x1)0 SURFACE

connected to the oxygen-induced reconstruction had to be Tnere has been a long debate on the nature of the oxygen-
extracted from the literature. In this Context, it was realizedinduced surface reconstruction of the(q:m) surface. Since
that the adsorbate geometries and binding energies crucialfye pioneering work of Eflit has been well known that the
depend on the positiody and ionic charactegg of the  adsorption of half a monolayer of oxygen results ina 2
oxygen atoms, and on the interlayer spadaiiigbetween the superstructure. Low-energy ion-scattering experintefts
first two Cu planes of the Cu-O surface. The correct choicaeported a missing-row reconstruction where every other
of these values is, therefore, of great importance. Conversely001] Cu row on the surface is absent. This model was also
we may take advantage of the high sensitivity of the adsorsupported by surface extended x-ray-absorption fine-
bate geometry and the binding energies on the details of thetructure measuremenlts** On the other hand, high-energy
surface reconstruction to determine reliable values for théon-scattering® and scanning tunneling microscog@TM)
parameters)y, do, andd,, from the comparison with the (Ref. 16 suggested a buckled-row model in which every
experimental data, and, in this way, to extract accurate inforsecond row is not missing but shifted outwatdg.his was
mation on the structure of the reconstructed surface. contradicted by x-ray diffraction measuremehts|ow-

In this paper we discuss how to use the physisorption oknergy electron diffractiof and impact collision ion scat-
simple molecules as a sensitive probe of the surface geontering spectroscopy(ICIS9),1*?° again confirming the
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. & Cu-0 tween the first two Cu planes and of the positagof the oxygen
Q’ ‘O u- with respect to the topmost Cu plariepen circles The linear
d, regression through the data poir(solid line) shows the strong
correlation between the two parametécs. Eq. (1)]. The filled
Q circle indicates our best-fit parameter sht=1.60+0.05 A and
do=—0.21+0.1 A. The open square represents the calculation of

Ref. 27. The error bars are given for each bit of experimental data.
FIG. 1. (a) Top view of the reconstructed CLLO)—(2X1)O sur-

face (added row modél The oxygen and copper bridge sites are heightdo of the oxygen atoms above the Cu added rows

labeledBo andBg,. (b) Side view of the CU10—~2X1)O sub- oy iy o significant variation, depending on the data source.
strate. The large and small circles correspond to copper and oxyge;& inati £ th dat Is that th lues!
atoms, respectivelyd,, denotes the interlayer spacing between Cu n examination of these data reveals that the valuesigor

planesp and p’. In our cased,=d,, the separation of110) andd;, are strongly correlate@-ig. _2), anq that the overall
planes in the bulk Cu. trend can be accounted for by a simple linear regression:

missing-row-type reconstruction. More recent STM &hfa do=—1.695<d;,+2.497 A. (1)
could finally settle the discussion in favor of a missing-row-

type reconstruction which, however, should be viewed as an The coefficients have no physical meaning, but this cor-
“added-row” phase due to the mechanism of its formation.relation can nevertheless be used to limit the discussion to
In fact, the restructuring proceeds via the nucleation of adde@nly two independent parameteds, and go. Information
Cu-O rows running along thf001] direction which aggre- on the charge transfeg, from Cu to the oxygen atoms is not
gate into striped islanddwith a 2x 1 structure, eventually available from experiments, and the single known value is
leading to a homogeneous @10-(2x1)O phase for an the one provided by theb initio calculation in Ref. 28,
oxygen coverage of 0.5. The added-row mechanism was aldpdicating a charge transfer of about(1.05+0.02)e (e is
confirmed in ICISS experimenfé,and now seems to be gen- the electronic chargeThis is quite a large value and, there-
erally admitted. Furthermore, all studies seem to agree thdére, we consideqg as an adjustable parameter.

the oxygen is located in the long bridge site between neigh-

boring Cu atoms along the added rows, but they disagree on lIl. THEORETICAL MODEL AND RESULTS

the height of the oxygen atom above or below the first cop-

per layer, and on the extent of the interlayer relaxation be- The interaction between a single, Mholecule and the
tween the topmost Cu layers. Calculations based on the efu-O substrate is described as a surfi)the Lennard-Jones
fective medium theor§® a semiempirical tight-binding potential V| ; which accounts for the dispersion-repulsion

approactt® the local-density approximatici,and anab ini-  contribution,(ii) the induction potential/, which character-
tio molecular-orbital cluster mod& were performed to izes the polarization of the Nelectronic cloud by the electric
study the surface relaxation and the oxygen position. field due to the surface charges on the oxygen and copper

A summary of the structural parameters pertaining to thextoms, and(iii) the electrostatic potentia!z between the
reconstructior(see Fig. 1 was presented in Refs. 20 and 27. quadrupole moment of Nand the surface chargéghe in-
It shows that the lateral displacemerimarallel to the sur- teraction between Xe and the Cu-O surface contains only the
face of the Cu atoms remain very small, as does the relaxfirst two potential term&. This adsorbate-substrate interac-
ation between the second and third Cu planes. In contrastion potential is written in the two-dimension&D) recipro-
the spacingd;, between the first two Cu planes and the cal space defined by thex2l unit cell with areaS=2v2a?



10 000

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

Ce (eV AS) Cy, (eV AT

N-N 16.8 22524.0
N-Cu 36.5 102035.6
N-O 16.4 17 953.6
Xe-Xe 342.0 1176 056.0
Xe-Cu 159.0 687015.1
Xe-0 108.9 171162.9

(a=2.55 A is the lattice parameteof the Cu-O substrate.
Let g=gx(27/a)x+g,(v2m/a)y be the 2D reciprocal vec-
tor (with g, and g, integer numbepsand Ris,=ri,— 75
+2z5pZ be the relatlve distance between titb adsorbate
atom at the positiofiR;(r;;,z;) and thesth oxygen or copper
atom in thepth plane of the substrate, wherg, defines the
lateral position of thesth atom of thepth plane in the unit
cell [Fig. 1(@)]. The potentiatb g at the pointR; which is due
to the surface chargeg on the oxygen and copper atoms of
the reconstructed substrate plane is expressed as

(I)S(Ri)_ E z Ig(rlH Tsp@~ 9Zsp, (2)
V| ;is then given by
1 aIZC
VLJ— 2 2 ( ) a 2 e|g(r”| Tsp)
i sp a=6,12 a
(5‘1)
g \(@-1
X 2Zep K (a2 -1(9Zsp) 3

whereC!? characterizes the potential parameters-6 and
12) for the (i,s) atomic pair(Table ), andK .-, is the
modified Bessel function of integer order.

V, can be expressed as

—%Ei Vdg(R)aVOLR)), (4)

where is the dipolar polarizability tensor for the Xe onbN
molecules which takes the valuey,=4.0 A®> and an,

=1.76 A% in the molecular frame. Finally/g (for N, only)
is given by

vE=Ei aP(R), (5)

whereq; are charges distributed on the Rolecule to de-
scribe its quadrupolar natufg; = —0.40% on each N site,
and 0.81@ at the molecule center of mass

V. ;in Eq. (3) depends on the reconstruction parameters

do andd,, throughz,, whereas the two other potentials
[Egs.(4) and (5)] also depend oy through the charge,
entering®g in Eq. (2). The lateral interactiongbetween Xe
atoms or between Nmolecule$ are described by the usual
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dispersion-repulsion and electrostatifor N,, only)
potentialss The values of the potential parameters are
given in Table I.

The total potential, including the adsorbate-substrate in-
teractions and the lateral adsorbate interactions, is minimized
with respect to the position of the centers of mass of the
adsorbed molecules and to the orientation of the molecular
axes(for N,), treatingd;, andqq as parameters. The numeri-
cal method is similar to previous studi&€,except that, here,
the values ofd;,, qg, anddg [through Eq.(1)] are varied.

A single Xe atom is adsorbed inside the troughs between
neighboring Cu-O added rows. The energetically favored site
corresponds to an oxygen-bridge dig for small values of
d,,, but changes to a copper-bridge dg, for large values
of dy, [Fig. 1(a)]. With increasing Xe coverage, the compe-
tition between the lateral Xe-Xe interactions and the sub-
strate corrugation, which is directly related to the valud gf
and, hence, tal;,, tends to favor commensurate Xe struc-
tures for d;,<1.30 A and ford,;,>1.70 A. In contrast,
within the range 1.30 Ad;,<1.70 A, the stable Xe phase
becomes incommensurate, as observed in the experfment.
The calculated adsorption energy depends almost linearly on
d,, within this range of values but it is nearly independent of
the chargeqg [Fig. 3@]. The experimental value of 223
+6 meV is obtained in the calculations fak,=1.60 A,
with an uncertainty which further confines the valuesdgy
to

1.55 A<d;,<1.65 A. (6)

In the case of Bl we proceed in the same way. Three
different adsorption sites for a single adsorbed molecule are
obtained in the calculation, depending on the valuel pf.

For d;,<1.30 A, the molecule is located inside the01]
troughs above a Cu bridg®c, with its axis normal to the
surface. Ford;,>1.67 A, the molecule lies flat above an
oxygen-bridge siteBy with its axis perpendicular to the
Cu-O rows. For 1.30 Ad;,<1.67 A, the molecule is also
lying flat, but with its axis parallel to the rows. At higher
coverage, the Nmolecules form a 2D lattice gas if;, is
inside the range 1.30 £d,,<1.67 A, while an ordered 2
X1 commensurate structure is obtamed outside this range.
The lattice-gas formation is in agreement with the He scat-
tering data, indicating a low-density structure in this cover-
age regimé€. The adsorption energy for Non the recon-
structed surface depends strongly on the values of tgth
andqg, the latter dependence being specific to Ng. 3(b)]
when compared to XgFig. 3(@)]. In Fig. 3b) we indicated
the experimental value of the adsorption energy (125
+6 meV) for comparison with the calculated energy curves
for N,. We find that the distanog;, which gives the correct
experimental value increases from 1.49 to 1.63 A when the
charge transfer increases from &% 1.0e. Taking into ac-
count the experimental error bars, we obtain the following
ranges ford,,, depending omyp:

1.30 A<d;,<1.58 A for qo=—0.5,

1.51 A<d;,<1.65 A for qo=—0.8, (7)

1.57 A<d;,<1.70 A for qo=—1.Ce.
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Smaller (qo|<0.%) or larger (qo|>1.0e) values for the diffraction data'® These values ofl;, anddg are quite dif-
charge transfer are clearly irrelevant since they would correferent from the results of the calculations based on the local-
spond to unphysical,, values. density approximatiod which give d;,=1.32 A anddq
=0.55 A, i.e., an oxygen position above the first Cu plane.
Ab initio molecular-orbital cluster model calculatiGAb-

tain do=0.31 A if surface reconstruction and relaxation are
not allowed, andip=—0.76 A if the neighboring Cu atoms
are allowed to relaxd;,=2.25 A). Although this latter ap-
proach is too rough to provide a reliable estimate of the

IV. DISCUSSION

Examination of Eqs(6) and (7) shows that the values
which best fit the data are

di;=1.60£0.05 A, ® surface relaxation, it probably gives a much better account of
with an ionic charge on the oxygen atom equal to the nature of the interaction between the oxygen and surface
copper atoms. In particular, it shows that the interaction is
Jo=—(0.8+0.2)e. (9) highly iqnic Ieading to a charge transfer of apout one eleg-
tron. This value is in very good agreement with the best-fit
From Eq.(1), the corresponding value dfy is ionic chargeqgg in Eq. (9).
In summary, we have determined reliable valuesdgr
do=—0.21+0.10 A. (100 912, andqo to characterize the oxygen-induced reconstruc-

tion of the C{110 surface. These values obviously depend
In this model, the distance between the first two Cu planes isn the accuracy of the interaction potential between the ad-
expanded by about 0.32 A as compared to the bulk distancsorbate and substrate. Indeed, this potential must account for
d,=1.28 A [Fig. 1(b)]. This result is fully consistent with the corrugation experienced by the adsorbate to recover the
most of the experimental data, where the mean V¥aftlds  experimental monolayer geometry, and it must give the ex-
1.54+0.06 A. The negative sign for the resulting value of perimental value of the adsorption energy. The reliability of
do [Eg. (10)] indicates that the oxygen atoms kelowthe  the coefficients of this potential has been tested for the un-
first Cu plane. The value given by EL0) is larger (in  reconstructed clean CLi0) substrate;*°>and we expect that
absolute sizethan the average of the experimental valuesthe lateral interactions are well described, since these are
equal to—0.09+0.14 A, but it should be noted that values related to the well-known polarizabilities and multipolar mo-
as large as—0.34 A have been determined from x-ray- ments for Xe and M Regarding the assumptions on the
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reconstruction, the consideration of the second and thirghosed values for the parameteks, di,, andqq. The rela-
plane relaxation could slightly change the proposed valuegjvely large error bars fodg andgg values could be reduced
but there is experimental evidence for this relaxation to bdy reducing the interval given in Eq7). Improvement of
small. Besides, the lateral displacement of the Cu surfacP's accuracy could be obtained after considering other mo-

ecular adsorbates, such as polar molecules which should be
atoms could also affect the geometry of the Xe andai-

I Th displ h b di ded h still more sensitive to the oxygen charge. Extension of this
ayers. These displacements have been disregarded helg,,.q,ch to other reconstructed substratesluding NiO,

since the experiments reveal that they are vanishingly smaljg\go, etc) could be done, but this would require preliminary
Within these weak limitations, the sensitivity of the adsorp-information on the relationship betweeh, and dg. Pres-

tion propertiegstructure and binding enerpto the substrate ently, it seems that these other substrates have not been stud-
geometry seems to be a strong argument in favor of the prded so intensively.

*Present address: Institut” rfuExperimentalphysik, Johannes- 14M. Bader, A. Pushmann, C. Ocal, and J. Haase, Phys. Rev. Lett.
Kepler-Universita Linz, 4040 Linz, Austria. 57, 3273(1986.

1F. Besenbacher and J. K. Norskov, Prog. Surf. 8¢i5(1993.  “°R. Feidenhans’l and I. Stensgaard, Surf. 363 453 (1983.

2C. Ramseyer, C. Girardet, P. Zeppenfeld, J. Goerge, fi¢hBy  *°F. M. Chua, Y. Kuk, and P. J. Silverman, Phys. Rev. L&3.386

and G. Comsa, Surf. S&13 251 (1994. (1989.
3p. Zeppenfeld, M. Behel, J. Goerge, R. David, G. Comsa, C. 'R. Feidenhans’, F. Grey, R. L. Johnson, S. G. J. Mochrie, J.
Ramseyer, and C. Girardet, Surf. S866, 1 (1996. Bohr, and M. Nielsen, Phys. Rev. 41, 5420(1990.

. 18 i i

4p. Zeppenfeld, J. Goerge, M. Bhel, V. Diercks, R. Halmer, R. ~ > R. Parkin, H. C. Zeng, M. Y. Zhou, and K. A. R. Mitchell,
David, G. Comsa, A. Marmier, C. Ramseyer, and C. Girardet, 4 Phys. Rev. 841’”5432(1(1990' L __—
Phys. Rev. Lett78, 1504 (1997). J. Wever, D. Wolf, and W. MoritZprivate communication

20 . . .
SA. Marmier, C. Ramseyer, C. Girardet, J. Goerge, P. Zeppenfeld, H(-19D9u13r, Th. Fauster, and R. Schneider, Surf. SzA4, 237

GVM#)SUI(:.]:I’ E zz\gdéaz(rj (é g(.)r:rsd‘:tsvurfb?ii 32Rl(|—1|z|9n?ér R 21D, J. Coulman, J. Wintterlin, R. J. Behm, and G. Ertl, Phys. Rev.
- Pouthier, C. Ramseyer, C. Gl » V. Diercks, R. 'R Lett. 64, 1761(1990.

7 Da\_/id, and P. Zeppenfeld, Phys. Rev5B8 13 149(1998. ) 22F_ Jensen, F. Besenbacher, E. Laegsgaard, and |. Stensgaard,
V. Diercks, R. Halmer, R. David, P. Zeppenfeld, V. Pouthier, C. Phys. Rev. B41, 10 233(1990.

. Ramseyer, and C. Girardet, Surf. S¢o be publishet 23K, Kern, H. Niehus, A. Schatz, P. Zeppenfeld, J. Goerge, and G.
QG- Ertl, Surf. Sci.6, 208(1967. _ _ Comsa, Phys. Rev. Let7, 855(1991).
R. P. N. Bronckers and A. G. J. de Wit, Surf. S&l2 133 24y pjyr, R. Schneider, and Th. Fauster, Phys. Rev4® 1802

(1981. (1991).
10H. Niehus and G. Comsa, Surf. S&40, 18 (1984. 25K. W. Jacobsen and J. K. Norskov, Phys. Rev. L6f,. 1788
113, A. Yarmoff, D. M. Cyr, J. H. Huang, S. Kim, and R. S. Will-  (1990.

iams, Phys. Rev. B3, 3856(1986. 28, H. Tjeng, M. B. J. Meinders, and G. A. Sawatzky, Surf. Sci.
2E. van de Riet, J. B. J. Smeets, J. M. Fluit, and A. Niehaus, Surf. 233 163 (1990.

Sci. 214 111(1989. 27T, Schimizu and M. Tsukada, Surf. Sci. Le285, L1017 (1993.

13y. Dobler, K. Baberschke, J. Haase, and A. Pushmann, Phy<8J. M. Ricart, J. Torras, A. Clotet, and J. E. Sueiras, Surf. 3,
Rev. Lett.52, 1437(1984). 89 (1994.



