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Low-energy electron diffraction study of oxygen-induced reconstructions on C(210)
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The oxygen-induced reconstructions on(Z10) have been investigated by low-energy electron diffraction
(LEED). The adsorption of oxygen on @10 leads to a series oh(< 1) (n=2,3) reconstructions comprising
Cu-O chains along th01] direction on the topmost layer. The Cu(21®x 1)O structure is found to be the
most thermodynamically favorable phase. A quantitative LEED analysis, performed by comparing the simu-
lation results of different X1 and 3x1 models, confirms an added row model with oxygen sitting on the long
bridge sites along thf001] direction. The oxygen atoms sit in a deeper position from the surface than the
topmost Cu atoms, and the Cu-O rows relax upward. In the CQ¢R381)O structure with an oxygen
coverage oé ML, oxygen atoms reside deeper than the accompanying Cu atoms in one Cu-O row, while in the
adjacent row, oxygen sits higher than the Cu atoms. The nearest and second nearest neighbor Cu-O distances
are determined to be 1.82.03 and 1.96:0.06 A respectively for both 21 and 3x 1 reconstructions. The
formation of relatively strong Cu-O bonds appears to be the driving force for both reconstructions.

DOI: 10.1103/PhysRevB.66.165410 PACS nuntber68.35.Bs, 61.14.Hg

INTRODUCTION in the Cu(210)-(%1)O structure?® Isolated Cu-O rows
nucleate and lengthen through trapping of mobile Cu and O
Oxygen-induced reconstructions and self-organization beatoms at ends of the chains supporting the added row model.
havior on transition-metal f¢&10 surfaces have been sub- Knight, Driver, and Woodrutf*’ found, by STM, that there
jects of recent fundamental interésf. The topmost atom exists one common structural model for Ca(#0) surfaces
layer on such surfaces generally shows a strong tendency {m=1,2,3,...), three adjacefif01] Cu atom rows and one
reconstruct upon oxygen adsorption, and could serve as thaissing row comprising the QOO (v2 X 2v2)R45°-0 sur-
template for growth of one- or two-dimensional periodic face, and it was suggested that more such surfaces need to be
nanostructures. It has been well established that what formstudied, especially by quantitative structural methods such as
on Cu110), Ag(110, and Ni{110 surfaces is a so-called low-energy electron diffractiofLEED).18
added-row structure in the form of metal-oxygen chains In this paper, we determine the O-induced reconstructions
aligned along th¢001] direction/~*2Scanning tunneling mi- on Cu210 between 300—-700 K by tensor LEED analysis.
croscopy(STM) studies revealed that the dissociative ad-This study also investigates how the formation of O-induced
sorption of oxygen induces three reconstructions ofiN) reconstructions on the topmost Cu layer affects the relax-
identified as X1, 2X1, and 3X1 structures in this se- ations of the second and third sublayers.
quence with increasing oxygen coveragdotal-energy cal-
culations show that the interaction between the oxygen EXPERIMENT
states and the metdlstates can give rise to a bonding down-
shift of the p states and to antibonding states that are partly The LEED experiments were carried out situ in a
shifted above thal bands. The antibonding states are lessu-metal shielded ultra high-vacuum(UHV) chamber
occupied for oxygen on the reconstructed(Td) surface equipped with rear-view LEED optics. The base pressure of
than on the unreconstructed offeOxygen atoms are this UHV system was less thanx710 1° mbar. A polished
strongly bound to the low-coordinated metal atoms to com-Cu(210) single crystal with a diameter of 12 mm and a thick-
pensate for the energetic cost of breaking metal-metahess of 2 mm was mounted on a precision manipulator,
bonds’'* The growth of oxygen-induced structures on thewhich allowed optimum alignment for normal incidence of
underlying metal surfaces depends on the attractive metathe electron beam, and appropriate thermal treatment. Before
oxygen and the repulsive O-O interactions, the bond strengthEED measurements, the @10) crystal was cleaned by
and cohesive energy of metal atoms, as well as the atontepeated cycles of Arbombardment for 30 mif.5 keV, 18
atom separation alongl10] and[001] directions. It would  uA) followed by subsequent annealif§00 K, 30 min.
be interesting to see if the formation of the Cu-O chains is arBample cleanliness was checked by Auger electron spectros-
intrinsic behavior of oxygen chemisorption on @dQ) sur-  copy, as well as the comparison of sharpness and intensity of
faces 0=1,2,3,4,...) in general, and if adsorbed oxygen onthe individual X1 LEED spots from different runs of mea-
higher-index Cu planes occupies similar sites as those osurements. LEED intensities of 13 diffracted beams were
low-index surfaces. Surface-extended x-ray-absorption finerecorded at normal incidence by an analog/digital data acqui-
structure(SEXAFS studies showed that on the @d0) sur-  sition system, out of which five beams fall into t@01)
face, oxygen adsorption induces a missing row reconstrucsurface mirror plane, giving a total of eight symmetrically
tion with the missing row alond001] direction’ STM inequivalent beams. The energy range of the spectra was
observations of the interaction of oxygen on(Z1l0) gave a 28-300 eV. While the intensity of some beams can only be
direct measurement of the larger inter-row spacing of 8.08 Adetected in a shorter energy range than 28—300 eV, the cu-
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mulative energy range of the eight symmetrically inequiva-

lent beams for clean @R10) is determined to be 1360 eV. 160
The background subtraction for each spot was performed by
the procedure described in Ref. 19. Furthermore, the inten-
sity was normalized to the current of the incident electron
beam at the corresponding energy. Several sets of indeper 120
dent data were measured and compared, ensuring very Smée..
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For oxygen uptake experiments, oxygen gas was intro-§ g
duced into the UHV chamber via a precision leak valve, and ‘é 80 ( g
the pressure measured by an uncalibrated ion gauge. In ordez
to qualitatively determine the structural rearrangement in- 60 + . 7%
. X . . %
duced by oxygen chemisorption, dynamical observations of Z
LEED patterns were conducted while exposing the bare 40 - %
| /
Cu(210 surface to oxygen partial pressures of 5 é
%10 ° mbar at 300, 450, 550, and 700 K, respectively. In 20 + (3x1) ~ Z
addition, to effectively control the O exposure on(€10) e 1,’3,M.L _L ;
for carefullV-LEED measurements, static O uptake experi- 0 . - —
ments were also performed. 200 300 400 800
The surface structural analysis was carried out by the ten- Uptake temperature (K)

sor LEED approach using the symmetrized automatic tensor
LEED program (SATLEED) provided by Van Hoveet al®® FIG. 1. The O-induced reconstructions on(ZL0 determined
Considering the fact that the renormalized forward scatteringy LEED as a function of O exposure and uptake temperature. The
(RFS does not converge well due to divergences in the unbars represent experimental data recorded dynamically during oxy-
derlying LEED theory for atomic plane spacings of less thargen uptake. The dashed lines define the separation of diffenent (
1 A, as well as Pendry’s empirical approximation that the<1) phases.
effective number of calculated planes should be about 8 for
clean C@210,>* we organized thick “composite layers” potential was optimized and then fixed a#.0 eV and the
with ten “simple layers”(each containing one atom for two- real part of the inner potential was refined as one parameter
dimensional X 1 periodicity combined in one single “com- during the tensor LEED search. The Debye temperatures
posite layer” to avoid convergence problems in RFS perturused in the calculations were 427 K for O, 315 K fox 1
bation. Below this composite overlayer, another double-layefu, and 300 K for X1 and 3x1 Cu respectively.
stacking was organized for the doubling. The decay compo-
nent of the forward plane wave was carefully monitored in
the approach, by properly setting the corresponding param-
eter (the parameter which limits the decay of plane waves Figure 1 summarizes the dynamic LEED observations of
from one layer to the next layer was sett@.001), ensuring  oxygen-induced reconstructions for oxygen exposures rang-
that the forward component decays to a negligible value ining from 0.01 to 160 L at substrate temperatures of 300, 450,
side the thick composite layers. The backscattering contribus50, and 700 K, respectively. This phase diagram was ob-
tion from the deeper layers constructed by the interlayer bulkained by measuring the positions and intensities of all the
vector in the program therefore became less pronounced ipossible diffracted beams simultaneously as a function of
the LEED search. Accordingly, for the added rowk 2 re-  oxygen exposure and uptake temperature. As shown in Fig.
construction on C210), we assembled the first “composite 1, 3X 1 and 2< 1 reconstructions are formed on the(€10)
layer” composed of one 1 O sublayer, one 21 Cu su- surface depending on temperature and oxygen exposure. At
blayer and eighteenx 1 Cu sublayers. For the>31 recon-  relatively low oxygen exposuregs<5 L), the LEED pattern
struction with an oxygen coverage of 0.66, twx® O su-  did not show clear periodicity with the appearance of weak
blayers, two 31 Cu sublayers, and 15X11 Cu sublayers streaks betweenx1 integer beams in the temperature range
were included in one single “composite layer” on the sur- of 300—700 K. We attribute this to a transition phase prior to
face. Using such composite layers in RFS had given goothe formation of 3<1 and 2< 1 reconstructions. In the tran-
convergent results. sition phase O atoms tend to avoid sharing Cu atoms, so that
During the first three tensor LEED cycles, the coordinateseach O adatom creates areas where the adsorption of addi-
of all atoms in the first composite layer were allowed totional adatoms is unfavorabf The growth of Cu-O chains
change. Subsequently, only those in the first ten sublayert® form the 3<1 and 2x1 phases is limited by the number
were optimized while the others were fixed. All the integerof available O adatoms.
and fractional beams were assigned the same weighting fac- With increasing oxygen dosage on @0 at 300-550
tor, and the agreements between experimental and theoretidd) the 3X1 pattern gradually strengthens and becomes
data were compared using the reliability fac®s. Eight  sharpest at 8 L. TheX81 phase remains unchanged for oxy-
phase shifts were calculated using the phase shift package lggn exposures up to 160 L at room temperature. At uptake
Barbieri and Van Hové® The imaginary part of the inner temperatures>300 K, the 3x 1 phase undergoes a transfor-

RESULTS AND DISCUSSION
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mation to a 2<1 phase with increasing oxygen coverage.
Furthermore at 550 K, anotherdl phase forms at higher {5 NoiS
oxygen coverage than the<Zl reconstruction. Although the QOAOAAORLOOR

two 3x 1 phases show similar LEED patterns, they are not oo s s s
attributed to the same structures. We postulate the highe
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coverage X1 phase at 550 K to be the O-induced recon- 'Ga o0

struction with2-ML oxygen coverage, which we confirm by <7“'7“""“C‘

IV-LEED calculations. No X1 LEED pattern attributed to O 0,0,0,0,0,0,0,0,0,0 $,0,8,8,0,8
full coverage was also observed at higher oxygen exposure Mi M2
up to 250 L on C(210). Gruzalskiet al? found that it was

difficult to increase the coverage beyond 0.66 ML for oxygen GEEHEEE S

adsorption on C{110. This suggests that there is significant
repulsive interaction between the tightly paired Cu-O chains
and/or O adatoms, maximizing the separation at high oxyger
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coverage. F_igure 1 also shows that, at 700 K, the OXYQer 0 & 5%"s"9"%" wieletetelyivtelete®
uptake rate is reduced due to the competing process of oxy 33:3.3.&303:3:43‘3 8 e
gen desorption. The formation of thex2 reconstruction is gfg’: g. Y OOOEE
achieved either by direct exposure at elevated temperature - [01 -
or by thermal treatment of other structures such as the 2
X 1 phase with3-ML oxygen coverage. M3 BR
On the basis of the present LEED observations that the
low-coverage X 1 phase transforms to thex2l structure FIG. 2. Top view of the added rouM1, M2, andM3) and the

and finally the higher coveragexal structure, we postulate Puckled row(BR) models for the Cu(216(2x1)O structure. The
that the formation mechanism involves diffusion of Cu-0SMall gray circles are O atoms, and large-gray circles and large
chains with oxygen adsorption at the long bridge sites, agpren C|!'cles represent the topmost Cu atoms and deeper Cu atoms,
described by the “added row” modéf®?* According to respectively.
first-principles calculations of oxygen adsorption on(Ti0)
surface(where the formation energy of an isolated Cu-O pair(3x 1)-O (3-ML coverage surfaces correspond to oxygen
in the[001] direction is—0.53 eV},** individual Cu adatoms  exposures of 9 and 24 L at 550 K, respectively. In detail, for
from the terrace edges are sufficiently mobile at room temthe O-induced X 1 reconstruction with an oxygen exposure
perature and are easily trapped on the flat terrace by coadf 9 L at 550 K, we have done tensor LEED calculations of
sorbed oxygen atoms due to the high activity of O adatomspver 30 trial structures. To simplify, here we present four
The Cu and O adatom pairs are eventually stabilized anéhodels for the Cu(210(2x1)O reconstruction; they are
become nuclei for the formation of new rows. When addi-modelsM1, M2, andM3 for the added row structures and
tional Cu and O adatoms are attached to the nucleus, th@e buckled row(BR) model, as illustrated in Fig. 2. In
growth of Cu-O-Cu chains occurs. During the growth of themodel M 1, the oxygen atoms occupy the long bridge sites
chains, the configuration of the chains maintains the largegietween two Cu atoms while Cu-O rows reside on the top-
separation between O adatoms due to interchain repulsiafost Cu layer maintaining Cu fcc symmetry. In modé2,
and the strong bonding between Cu and O adatoms along thRe oxygen atoms still occupy the long bridge site with Cu-O
[001] direction. With increasing length, the resulting Cu-O rows on hcp sites relative to the second Cu layer. Madial
chains become stabilized and lose mobility. When two ohas oxygen atoms at the fourfold hollow site and the Cu-O
more such chains propagate together in islands, dependingws are sited according to the fcc structure as in mtiel
on the oxygen coverage, the structure with a local13or  After tensor LEED calculations, the optimiz&} values are
2X1 periodicity is distinguished by LEED. Based on first 0.237, 0.419, and 0.434 fod 1, M2, andM 3 models respec-
principles calculation and diffusion mechanisms of Cu and Q|Ve|y C|ear|y theRp values for the models12 andM 3 are
adatomg? the growth of the chains occurs close to terracetgg high to be acceptable models for theq(2)-O structure.
edges and the chain length is limited by the number of Curhe BR model was also analyzed by introducing one buckled
atoms evaporating from terrace steps. The preferred growtty atomic layer positioned between the Cu-O rows in the
of the chains along thi®01] direction is related to the higher topmost layer. The interlayer spacing of the buckled layers
diffusion barriers in this direction, compared with the corre-yas initially set at buckling parametbr=0, and we allowed
sponding value along thg120] direction. As argued by buckling of the second and third substrate layers as in the
Coulmanet al,? the attraction between the chains and ada-missing-row models. The key idea is to see whether the cor-
toms is the strongest in tH801] direction, leading to a pref- relation with the experiment&V curves can be improved for
erential growth ofn X1 nuclei. lateral relaxation of copper and oxygen atoms in the Cu-O
Tensor LEED calculations were next performed to deterrows due to the change of interlayer spacings and buckling in
mine the detailed geometrical parameters that could give thithe deeper copper layers. No problem of convergence was
best match to the experimental intensity curves. The selectefdund in runningsATLEED programs with the thick “compos-
structures for the Q@210 (2x1)-O (3-ML coverage and ite layer” on the surface. After sufficient optimizations, the
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TABLE I. The parameters of the best-fit geometry after tensor
LEED calculations with modeM1 for Cu(210)-(2x1)O. The
bulk value of interlayer spacing of C21.0) surface is 0.808 A. the
interlayer relaxation and buckling are representedilandD, re-
spectively, while the parametdr gives the displacement in the
[120] direction.

Vertical relaxation Lateral relaxation
Parameter Optimized valud) Parameter Optimized valud)

doy —0.07+0.05 Loy 0.25+0.03

2z di,  1.03:0.07(+27.6%) L, 1.83+0.05(+13.2%)

2 dos 0.84+0.04(+4.1%) Ly 2.07+0.07(—14.4%)

oA : (-1,0)

E : dss  0.79t0.05(—2.1%) Liz  3.46+0.06(+7.3%)
Dy, 0.38+0.03 Ly  0.54+0.05(—32.7%)
\Af\/\A Das 0.16+0.03 AL, ~0.14(—3.5%

on D, <0.01 Algy —0.04(—1%)
(1,0)
0 0 1 200 2% 30
(a) Energy (eV)

{0.-5/2)

(1,-3/2) =

()

oTe2
(1,-1/2)

z

172]

=

2 (0.5/2)

(0,3/2)
50 100 150 260 2;0 3(I)0 )
) Energy (V) FIG. 4. Schematic of the added rowM({) model for the

O-induced <1 structure viewed fronfa) the top andb) the side
according to the best-fit geometry. The parameters are labeled as in
Table I.d defines interlayer spacing along the direction perpendicu-
lar to CUu210 surface, and. defines the lateral relaxation in the
FIG. 3. Experimentafsolid lines and theoreticaldashed linegs  [120] direction. Accordingly, the buckling parameters for the sec-

best-fit LEEDIV curves of the Cu(218(2x 1)O structure deter- ond, third and forth layers are indicated withy,, D33, andD 4y,
mined for theM1 model by a tensor LEED calculation. respectively.
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R, value was determined to be 0.316 for the BR model. The
correlation with the experimentdy/ curves increased as the
buckling parameteb,, increased in the calculation. Single-
beamR factors for half-order beams increased much more
than those for integer beams. Using the reliability definition
for the R factors?® o [ =4&Rmn(2Voi/AE)?] with AE of
1900 eV, 0,23 for the optimized buckling model was deter-
mined to be 0.0205. This value is larger thaﬁz 0.0139
obtained for the missing-row modéll1. In all analyzed
models, the best correspondence with experiméhtanhten-
sities is achieved with mod®l 1 with the long bridge added
row geometry. The O-induced reconstruction reflects the
similarity between the 1 Cu-O rows on C(210 and
those in the Cu(12)0(2X 1)0O system in that the Cu-O rows
aligning parallel to the[001] direction, but with a larger
inter-row spacing of 8.08 A on the Q10 surface. ©1)
Figure 3 shows a comparison between calculation and ST
measurement results of inequivalent integer bedd(,
(01), (—10), (02, (11, (-1 —-1), (2—1), and fractional

(1-2)

Intensity

beams(0 3), (0 3), (1 —9), (1 ~3), (0 —3), based on the "o
tensor LEED calculation of the long bridge added ravwy) | 77 v
model. In the experiment, we measured the intensity spectra ’\/\,\_,,/\
of 19 diffracted beams, and after averaging the spectral data - . . - " _
of corresponding symmetrically equivalent beams, 12 in- 50 100 150 200 20 300
equivalent beams were employed in the calculation with a  (a) Energy (eV)
cumulative energy range of 1900 eV. The optimized param-
eters for this model are listed in Table | with the correspond- .o (0.5/3)
ing labeling of geometrical parameters shown in Fig. 4. From FREIRY
the parameters of the best-fit geometry, we find that oxygen DN
is approximately coplanar with the bridged Cu atoms, with AN AN
~ OO 3 (0,4/3)
O KA O D RS
OOHOOHOHONL S
vy NN
HHEG0:
OO0 (1,1/3)
4":‘ "A ,'.‘.‘A , e
W S .. e
z | \/\
&
*O.E) (1,-2/3),
(1,-1/3)
(0:-2)
o 10 10 20 280 30
(b) Energy (eV)

M6 (LBS+FHS)

FIG. 5. Top view of the missing rowiM4, M5, andM6) mod-
els for the Cu(210)-(% 1)O structure with an oxygen coverage of ~ FIG. 6. Experimenta(solid lines and theoreticaldashed lines
£ ML. The small black circles are O atoms, and large gray circlesoest-fit LEEDIV curves of the Cu(218(3x1)O structure deter-
and large open circles represent the topmost Cu atoms and deepg®ined with the long bridge added row model14) by tensor
Cu atoms, respectively. LEED calculation.
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TABLE II. The parameters of the best-fit geometry after tensor LEED calculations with nvbdefor
Cu(210)-(3x1)0 at an oxygen coverage §>1ML. The interlayer relaxation and buckling are represented by

d andD, respectively, while the parametergives the displacement in tfﬁd?O] direction.

Vertical relaxation Lateral relaxation
Parameter Optimized valud\) Parameter Optimized valud\)

First Cu-O row doy —0.12+0.05 Lot +0.25+0.03

dip 0.99+0.06(+ 22.6%) L1oa 1.77+0.04(+9.9%)

dys 0.70+0.05(—13.3%) Lo 2.04+0.06(—15.7%)
Second Cu-O row doy +0.17+0.07 Lo —0.54+0.05

di, 1.03+0.07(+27.6%) L1 1.22+0.05(—23.9%)

djs 0.78+0.05(— 3.4%) L1 2.80+0.07(+ 15.8%)

Dy, 0.17+0.04 Loo 4.05+0.07(+0.2%)

oxygen atoms laterally displaced §,=0.25+0.03 A) rela-  than that of +16.3% for Cu(11p-(2x1)-O, but smaller

tive to the topmost Cu atoms in tfi&20] direction. Oxygen than the +31.9% expansion in Cu(110¢6x2)-O. O
locates slightly below the top Cu layer witthy;=—0.07  bonding plays an important role in the reconstructions on Cu
+0.05 A. The result is similar to that of the Q10 surface  surfaces and relaxations occur to optimize bond lengths be-
where oxygen atoms are slightly below the topmost Cu attween O and Cu atoms.

oms by 0.1-0.1 A, as determined by STM and low-energy ~ For the Cu(210)-(%1)O reconstruction, over ten trial

ion scattering®?” The Cu-O chains appear slightly zig- 3X1 structures ag-ML and -ML coverages were tested
zagged due to O-atom bonding to both the topmost Cu atomissing the SATLEED program. It was found that thé-ML

and the “substrate” Cu atom in the second layer. By check-structures gave better fit to experimental data, and;thi

ing the optimized coordinates, we do not find a large laterastructures are not discussed henceforth. Figure 5 shows three
displacement of Cu and O atoms in the chains from theimodels employed in the tensor LEED calculations for the
“ideal” sites relative to the substrate layers, which might be
expected in the X 1 reconstruction with a missing row be-
tween the two adjacent Cu-O rows. The topmost Cu atoms ir
the Cu-O chains only shift from their ideal fcc stacking po-

sitions by—0.18+0.03 A along thg 120] direction, and O

atoms displace laterally in the opposite direction by 0.06
+0.03 A. On the other hand, the formation of Cu-O rows in
the topmost layer brings about buckling in the second and
third underlying Cu layers while the positions of Cu atoms
on the fourth layer remain almost unchanged. The extent of

Li1za
L1z

rErErereres
(o

o 016 0.03 A Do for th second and i e re- Sotoveontt -
wiviwiwlwiwiwiviwle

spectively. Both values are larger than the vertical displace-
ment parameterdy;= — 0.07+ 0.05 A) in the first layer. The
Cu atoms in the second and third layers just beneath the C (a)
atoms at bridged sites have moved downward relative to O
implying strong interaction between the O and Cu atoms at
both the second and third layers. Furthermore, O adsorptiotd.
on the topmost layer leads to a lateral movement of the seca, :
ond and third Cu layers toward the Cu-O row to facilitate the
optimum Cu-O bond length. The expansions of the first and
second interlayer spacingl{, and d,5) are determined by
guantitative LEED analysis to be&27.6% and+4.1% re-

spectively from the bulk value while the third interlayer  piG. 7. Schematic of the long bridge added raw4) model for
spacing (I35 contracts(—2.1%99. This is rather different O-induced 3<1 structure as viewed frorfa) the top, and the side
from the multilayer relaxations on clean Qa0 where the  for both the first Cu-O row(b) and the second Cu-O rove), ac-

first two interlayer spacings contratt-5.7% and—6.0%, cording to the best-fit geometry. The parameters are labeled as in
respectively and the third spacing expands-6.8%) [see Table Il. d defines interlayer spacing along the direction perpen-
Fig. 4(c)].?® Similar expansions have been reported for thedicular to C{210) surface and. defines the lateral relaxation in the
O-induced 21 and c¢(6X2) reconstructions on [120] direction. The buckling parameter for the second layer is
Cu(110.2°* The expansion on GRA10) (+27.6% is larger indicated withD.,.
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Cu(210)-(3<1)0 reconstruction with an oxygen coverage Structure, which means that the O atoms maintain a similar
of 2 ML. As with model M1 for the (2<1)O structure, bonding environment and coordination in the X(3)-O
model M4 has O atoms approximately coplanar with CuStructure. _ _

atoms in each Cu-O row, with the inter-row separation of the ©On the formation mechanism of Cu-O rows on(Z10),
paired Cu-O rows initially preset at 4.04 A. In mods, it is clear frqm the tensor LEED. calculations that
oxygen atoms occupy the fourfold hollow site instead. [n0XY9en adsorption leads to an expansion of the contracted
modelM 6, half of the oxygen atoms reside at the long bridgeg}:ggz:r in?ﬁénggu% tpo?/v C;re:r?] ?#éfaggéo-;ze aﬁ)épemi?gd
site while the other half occupying the fourfold hollow site. lavers allows the higher mobility of the CU-O rows
Accordingly’. the ir_lter-_row separation in moddl6 is.12.12 T%le added row modelgcan explain i/he formation mechaniém
A. After optimization in the tensor LEED calculationBy,

values of 0.361, 0.446, and 0.459 were obtained for model\%fhg:g t%gﬂr%vv(tﬁXo%)ég-,oapodwgar(els)u- It?s ;recfgnfrfreUZﬁlf?Sssibn
M4, M5, and M6, respectively. Since the unit cell in the g : :
. . . of Cu adatoms from the terrace edges to active O sites

(3X1)-0 structure is relatively largelR, values obtained : : )

. P . and bonding with these adatoms. The second and third
were generally higher than for the X21)-O reconstruction. | buckled d - ion b
Nevertheless, the long bridge added row mdddl is clearly Cu layers are buckle ue to strong interaction between
the bestfit s'Eructure for the Cu(2£Q3X 1)O reconstruc- O and Cu atoms. The resulting nearest-and second-nearest-
. 2 . d’leighbor Cu-O distances for the fourfold Cu-O bonds
tion at 5-ML oxygen coverage. Figure 6 compares calculate

and measuretl spectra of inequivalent integer beai$) are determined to be 1.82.03 and 1.960.06 A,
(01), (02). (0 —2) Fll) (1-2) (%_1) and fra%tional beams respectively, for both 21 and 3x1 reconstructions. These

. values are in good agreement with those obtained from
(13), @ -3, 1 ~9%,(03), (03, for the best-fit structure . gbp
described in modeM4. These 12 inequivalent beams are previous SEXAFS studies> and those of bulk C10 (1.84

31,32
extracted from 19 measured diffracted beams as previousé) and Cuo(1.95 A.
described after averaging the spectral data of corresponding
symmetrically equivalent beams. The 12 inequivalent beams CONCLUSIONS
were employed in the calculation with a cumulative energy . .
range of 1980 eV. The optimized parameters for this model '!'h|s %EiDl StUdX ngows thattO a;'dsorptmn cag lead to a
are listed in Table Il with the corresponding labeling of geo-S€'1€S Of 0X1) (n=2,3) reconstructions on 210) com-

trical t h in Fig. 7. F f rising Cu-O chains along tHe01] direction during oxygen
me .r|ca parameters snown |n. 9 or easy .re erence, W%ptake at 300-700 K. From the temperature-dependent
designate the lower of the paired Cu-O rows in 0]

Y9 : hase transformations, the Cu(24(@ X 1) O structure is the
direction as the. first CU'O. row and the upper as the SECONK st favorable reconstruction. By comparing different 2
Cut;Ot rOtW'I 'g‘.s |I|Iustratedt n T?hble Ic; and th' é we f'n_?_hxl and 3<1 models using tensor LEED analysis, the struc-
(s)t:(y;ea:]n zli?omgsg?ecirgsegnzgl?y cfpa rggfe\;\:ilth tﬁ;} tor;g)r\rllvgét CE”E deduced is the added row model with oxygen at the long

. . ridge sites along thf001] direction. The oxygen atoms sit
atoms in both Cu-O rows, as in the Cu(24@®X% 1)O struc- 9 g theDO1) Y9

) ) ) slightly deeper than the topmost Cu atoms, and the top three
ture. O atoms in the first Cu-O row are laterally displaced bychq Iag/lers rglax vertically FI):or the uCu(Z)l@Sx 1)0 strue:-

+0.25+0.03 A in the[lZO] direction relative to its nearest ture with an oxygen coverage éﬂv“_, oxygen atoms reside
topmost Cu atoms. In the second Cu-O row, the lateral diSdeeper than the accompanying Cu atoms in one Cu-O row,
placement of oxygen atoms occurs in the opposite directiofyhile, in its adjacent row, oxygen sits higher. The nearest-
(—0.54+0.05 A). The lateral separation between O atomsand second-nearest-neighbor Cu-O distances are determined
in adjacent Cu-O rows is 4.650.07 A and the separation o be 1.82-0.03, and 1.960.06 A, respectively. The Cu-O
between the corresponding topmost Cu atoms is 4.84ow formation is found to bring about buckling within the
+0.07 A, 19.8% larger than the corresponding bulk valuesecond and third Cu sublayers. By comparison with
This indicates strong repulsive interaction between the paireghyltilayer relaxation on clean G210), tensor LEED shows
Cu-O rows. Normal to the surface, the first Cu-O row resideshat incorporation of the Cu-O bonds dominates the behavior
higher than the second row by 0.13 A. The oxygen atoms inf multilayer relaxation in the first three layers, from con-
the first row are seated deeper than the topmost Cu lay&faction for the case of clean surface to expansion for the
(do1=—0.12+0.05 A), while the oxygen atoms in the sec- Cu(210) (2x1)O and (3x1)O systems. The buckling and
ond Cu-O row reside+0.17+0.07 A higher than the corre- interlayer expansion in the second and third layers is due to
sponding Cu atomsdg,). As observed in the (1)-O  strong interactions between O and Cu atoms in these layers
structure, the paired Cu-O rows in theX3)-O structure to maintain the optimum Cu-O bond length with fourfold
also lead to a buckling of Cu atoms on the second and thirdoordination between Cu and O.

layers. The corresponding Cu atoms in the second and third
layers are lifted up or pushed down, depending on the
locations of the O atoms in the Cu-O rows. The first
Cu interlayer spacingsdg, and d;,) increase to about The authors are grateful to M.A. Van Hove for helpful
0.99+0.06 and 1.030.07A, respectively, giving discussions and for the use of the Barbieri/\Van Hove sym-
expansions oft22.6% and+27.6% from the bulk value. metrized automatrized tensor LEED program and the phase
These expansions are comparable to that in the {p-O  shift source code.

ACKNOWLEDGMENTS

165410-7



GUO, TAN, WANG, HUAN, AND WEE PHYSICAL REVIEW B66, 165410 (2002

*Corresponding author. Electronic address: phyweets@nus.edu.sg (1997).
V. Repain, J. M. Berroir, S. Rousset, and J. Lecoeur, Surf. Scil’P. J. Knight, S. M. Driver, and D. P. Woodruff, J. Phys.: Condens.

Lett. 447, L152 (2000. Matter 9, 21 (1997.

2D. J. Coulman, J. Wintterlin, R. J. Behm, and G. Ertl, Phys. Rev.!®G. W. Lloyd and D. P. Woodruff, Surf. Sc285, L503 (1993.
Lett. 64, 1761(1990. 19B. Narloch and D. Menzel, Surf. Sc112413 562 (1995.

3M. Bader, A. Puschmann, C. Ocal, and J. Haase, Phys. Rev. Let?®M. A. Van Hove, W. Moritz, H. Over, P. J. Rous, A. Wander, A.
57, 3273(1986. Barbieri, N. Materer, U. Starke, and G. A. Somorjai, Surf. Sci.

4G. Kleinle, J. Wintterlin, G. Ertl, R. J. Behm, F. Jona, and W. Rep.19, 191(1993; A. Barbieri and M. A. Van Hove, Symme-
Moritz, Surf. Sci.225 171 (1990. trized Automated Tensor LEED package.

SM. Taniguchi, K. Tanaka, T. Hashizume, and T. Sakurai, Surf. Sci?l). B. PendryLow Energy Electron DiffractiofAcademic, New
262 L123(1992. York, 1974, p. 25; J. Phys. @3, 937(1980.

6D. Mocuta, J. Ahner, J. G. Lee, S. Denve, and J. T. Yates, Jr., Surf?S. Y. Liem, G. Kresse, and J. H. R. Clarke, Surf. Sti5 194
Sci. 436, 72 (1999. (1998.

M. Polcik, J. Haase, M. Ondrejcek, and J. H. Petersen, Surf. Sc?*G. R. Gruzalski, D. M. Zehner, J. F. Wendelke, and R. S. Hath-
412413 580(1998. cock, Surf. Scil51, 430(1985.

8H. Over, Prog. Surf. Sci58, 249 (1998; F. Besenbacher, F. 24K. C.Tan, Y. P. Guo, A. T. S. Wee, and C. H. A. Huan, Surf. Rev.
Jensen, E. Leegsgaard, K. Mortensen, and |. Stensgaard, J. Vac. Lett. 6, 859 (1999.
Sci. Technol. B9, 874 (1991); F. Besenbacher and J. K. Ngr- 2°S. R. Parkin, H. C. Zeng, M. Y. Zhou, and K. A. R. Mitchell,

skov, Prog. Surf. Sci44, 5 (1993. Phys. Rev. B41, 5432(1990.
9G. Ertl, Surf. Sci.6, 208 (1967). 28F M. Chua, Y. Kuk, and P. J. Silverman, Phys. Rev. L&8.386
104, Over, M. Gierer, H. Bludau, G. Ertl, and S. Y. Tong, Surf. Sci. (1989.

314, 243(1994. 27E. van der Riet, J. B. J. Smeets, J. M. Fluit, and A. Niehaus, Surf.
1| . Eierdal, F. Besenbacher, E. Leegsgaard, and |. Stensgaard, Ul- Sci. 214, 111 (1989.

tramicroscopy42—44, 505 (1992. 28Y. P. Guo, K. C. Tan, A. T. S. Wee, and C. H. A. Huan, Surf. Rev.
127, schimizu and M. Tsukada, Surf. SE95 L1017 (1993. Lett. 6, 819(1999.
18K, W. Jacobsen and J. K. Narskov, Phys. Rev. L88. 1788  2°M. Gierer, H. Over, G. Ertl, H. Wohlgemuth, E. Schwarz, and K.

(1990. Christmann, Surf. Sci297, L73 (1993.

YR. Feidenhansl, F. Grey, M. Nielsen, F. Besenbacher, F. Jensen, BW. Liu, K. C. Wong, and K. A. R. Mitchell, Surf. ScB39, 151
Leegsgaard, |. Stensgaard, K. W. Jacobsen, and J. K. Ngrskov, (1995.

Phys. Rev. Lett65, 2027 (1990. SIN. Datta and J. W. Jeffery, Acta Crystallogr., Sect. B: Struct.
ISA. T. S. Wee, J. S. Foord, R. G. Egdell, and J. B. Pethica, Phys. Crystallogr. Cryst. ChenB4, 22 (1978.

Rev. B58, R7548(1998. 32M. Bader, A. Puschmann, C. Ocal, and J. Haase, Phys. Rev. Lett.
16p_J. Knight, S. M. Driver, and D. P. Woodruff, Surf. S876, 374 57, 3273(1986.

165410-8



