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Orientational anisotropy in oxygen dissociation on RI§110)
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Scanning tunneling microscopy study of @issociation on R{110) at 170 K shows a low-energy disso-
ciation coordinate for a precursor with the O-O axis aligned i @®4] azimuth, indicating a strong influence
of the surface anisotropy on the potential-energy surface. This results in pairs of oxygen atoms oriented along
[001], which aggregate in chains anhigTO]. The atomic distance in the pairs, 3.3 A, is shorter tharj@bé]
lattice constant, which led to the conclusion that the oxygen sits in adjacent asymmetric short bridge sites and
that the creation of “hot” oxygen atoms is not favor¢&0163-1829)15335-9

Dissociative adsorption of £on RH110) occurs at tem- The experiment has been performed in an ultrahigh-
peratures above 100 K and leads to a variety of orderegacuum system which hosts an Omicron variable tempera-
phases. At low temperature, the only ordered phase is theure scanning tunneling microscogTM) instrument to-
saturation (21)p2mg on the unreconstructed surface, gether with facilities for sample preparation and
whereas several ordered structures form oix () recon-  characterization. The Rh10 sample was cleaned by re-
structed leO) at temperatures above 480 K. A distinctive peated Cyc|es of Sputtering and annea"ng combined with
feature is that in all ordered structures oxygen is zigzag arreatments in oxygen and hydrogen ambient, until a sharp
ranged in threefold sites along th&10] Rh rows. Oxygen (1X1) low-energy electron-diffraction pattern was obtained.
adsorption on R{110) at low coverage and low temperature The STM images were recorded at the adsorption tempera-
is poorly characterized. For oxygen coverage below 0.3%ure, measured by means of a silicon diode attached on the
ML, when no long-range ordered structure forms, theback of the sample holder. The bias voltage applied to the W
vibrationaf and photoemissichstudies ruled out occupa- tip was varied within the-0.3-V range and the images were
tions of threefold sites. The suggested long-bridge adsorptiooollected in a constant current mode of 1 nA. For evaluation
site is questioned in the recent theoretical calculations sincef the oxygen coverage, we used two different approaches,
this site does not show a minimum for the chemisorptionwhich gave the same results within 0.02 ML. The first pro-
energy’ In the present paper we show that in the low-cedure is counting the number of oxygen-related structures
coverage regime the O/RHL0) system is rather peculiar. On and normalizing to the atomic density of ttL0) plane. The
one side the atoms, created after dissociation at 170 K, resecond procedure used the coverage versus exposure uptake
main as pairs, which seems to be rather common for lowfor the same system reported in Ref. 3. For calibration of the
temperature © dissociation on metal surface8.On the exposure scale, we used the exposures yielding the sharpest
other hand, in contrast to the previously reported pairing of2x2)p2mg pattern at 570 K, corresponding to 0.5 ML.
oxygen on the similarly corrugated Qui0 surface, oxygen Figure 1 shows STM images for oxygen coverage of 0.26
pairs on RIi110 show very strong orientational ordering, ML [(a) and(b)] and 0.05 ML(c), respectively. In Figs.®
short interpair separation, which decreases with coveragend Xb) the oxygen atoms appear as protrusions on the Rh
and a tendency of the pairs to aggregate in I§ago] surface, which is imaged as a sequence of parallel stripes
chains, which establish a short-range ordered domain witksorresponding to thg110] rows. The height of the protru-
2X 3 orc(2X6) local structure in denser layers. sions is about 0.2—0.3 A. The identification of the protru-
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FIG. 2. Models of the (X3) andc(2Xx6) (a) and “hexagon”
(b) structures formed by the oxygen pairs on thg RIf) surface.

underlying RH 1T0] row. The resolution of the Rh atoms in

the[110] rows is not sufficient to identify unambiguously
the exact coordination of oxygen, but as discussed below, a
short bridge adsorption site is the most likely. The pairs ag-

gregate in chains along tHiaTO] direction, with lengths up
to 120 A. The distance between the pairs in the chains is

5.4-55 A, i.e., twd 110] lattice constants.

The anisotropic orientation of the oxygen pairs and their
aggregation in chains is an exclusive feature of the
O/RN(110) system. It occurs even at a very low oxygen cov-
erage, as manifested by the image in Fi@)lwhere chains
containing from a few to more than ten pairs occur at 0.05
ML.

Figure 1 shows that the separation between neighboring
chains depends on the oxygen coverage. At low coverage,
the chains grow randomly separated by several O-free Rh
rows. With increasing coverage, the separation decreases
reaching the minimum distance of one O-free Rh row, as is
apparent in Figs. (B and Xb). This results in a local (2
X 3) structure, when the pairs of the adjacent chains are
aligned in phase, or a(2Xx6) structure, when the pairs are
out of phasdsee the models in Fig.(@]. It is clear though
that many defects are present, leaving only a local order that
cannot sustain a long-range-ordered structure.

Besides the pairs, tripled and a few single features can be
seen as well, which make part of the defects in the local
ordering. The triplets appear at coverages abe¥e2 ML.
Analysis of the atomic distribution with time has shown that

FIG. 1. STM images of the Ri10) surface after different oxy- the pairs are not mobile at this coverage, whereas the
gen doses at 170 K.(a) 0.5 L, 110<80 A%, bias: —0.1V, cur-  “third” atom in the triplets is rather mobile and hops attach-
rent.: 1 nA;(b) 0.5 L, 265<210 A?, bias: —0.1V, current: 1 ing randomly to other pairs.
nA (inset: 105¢105A? “black” oxygen, bias: —0.1 V, cur- Figure 3 shows as data points the scan profile along the
rent: 1nA); (c) 0.1L,290<170 A2, bias: —0.05V, current: 1 oxygen pair indicated by the lin&-B in Fig. 1(a). The ab-
nA. scissa is calibrated against the distance between the O-free

Rh rows, which give the secondary weak maxima separated
sions as oxygen atoms is supported by the fact that in somay three[001] lattice constants, i.e., 11.4 A. The measured
images[inset in Fig. 1b)] these protrusions are substituted profile was fitted with two Gaussians of the same width. The
by depressions, in accordance with other STM studies ofree parameters in the fit were the Gaussian intensities, the
oxygen adsorptio.The appearance of the oxygen-relateddistance between them, and their common width. The best fit
features strongly depended on the state of the tunneling tigs shown as a solid line. Applying the fitting procedure to
which in some cases unpredictably changed during scanninggveral randomly selected pairs in different images, we ob-
resulting in conversion of the protrusions in depressions. A¢ained the average O-O distance, which is plotted as a func-
is clearly seen, the dominating oxygen-related features artton of coverage in the inset of Fig. 3. Despite the rather
close-spaced pairs of oxygen atoms aligned alond @bé] large error bars, which are partly due to the intrinsic static
direction, with each atom approximately aligned with thedisorder of the structure, we observe a clear trend of a reduc-
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The feature that distinguishes the O(Rh0) system from
O/Cu110 and O/Pt11]) is that all pairs have the same ori-
} entation and the saméess than on¢001] lattice constant
interatomic separation. The orientation of the pairs indicates
} that the O-O axis of the molecular precursor before dissocia-

1.05

1.00

tion is aligned in thg001] direction. A hollow site for the
et molecular precursor is the most likely one, as has already
Coverage ML) been evidenced for on CyY110), but on that surface it did

not show a preferential alignment in t§601] or [110]
"~ azimuth® In contrast, the potential-energy surface of ds-
sociation on R(L10) is highly spatially anisotropic at low
coverage, with a low barrier dissociation coordinate along
I R T [001]. Upon seizure of the O-O bond, the two atoms repel at
Distance (A) a short distance and remain as a pair, preservindg Q&
orientation of the precursor. KL10] orientation of the mo-
FIG. 3. A-B line scan of the image in Fig.(d (data points  lecular precursor cannot be excluded only for denser layers,
best fit(solid line) and fit with two Gaussians fixed at 3.8(8ashed  where the separation between the chains is reduced and the
line). The inset shows the O-O distance within the oxygen pairs agepulsion prohibits thg001] orientation. The third very mo-
a function of the oxygen coverage. bile atom in the appearing “triplets” might be created by

' . . dissociation of a{lTO] precursor. The observed drastic re-
tion of the O-O distance with oxygen coverage, from 3.3duction in the sticking coefficient at 0.25—0.35 ML can be

+0.4 A at the lowest examined coverage 10262 A atthe gjated to thig 110] precursor orientation less favorable for
highest one. Evidently the separation is smaller than the dijissociatior?

tance of 3.8 A expected f(loxygen adsorbed in short-bridge For Ri(110), the diffusion barrier for oxygefL0—20 % of
or on-top sites of the Rp110] rows. In order to rule out a the oxygen adsorption enefjjyshould lie between 0.4 and
possible error due to the fitting procedure, we tried to fit then.8 eV1° comparable with that for Pt11). Such diffusion
profile with two Gaussians at a distance of 3.8 A, leaving allparrier limits the atomic thermal motion of oxygen at 170 K
other parameters free. The resulting dashed curve in Fig. 3 i® very short distances and only transient nondiffusive mo-
clearly inconsistent with the data. It is known that care has taion after dissociation of @can cause the separations ob-
be taken in interpreting the STM images as direct toposerved on RiL11) and Cy110) larger than~4 A.>® In con-
graphic maps of the surfafeNevertheless, as we consis- trast to C110 and Pt111), the interatomic separation of
tently obtain this reduction in the O-O distance regardless ofess than on¢001] lattice constant questions the creation of
the scanning parameters used, and even from the imageRot” oxygen on the Ri110 surface. This means that the
where the pairs appear as depressions, we conclude that tbeemical energy released during dissociative adsorption is
oxygen atoms are placed slightly asymmetrically, sliding to-very effectively dissipated to the phonon bath of the Rh sub-
wards the threefold sites. Most recenthh initio calcula-  strate. The strong directional anisotropy of the dissociation
tions and the Tersoff-Hamann model have confirmed the corcoordinate can also be attributed to a reasonable traveling
respondence between the position of the oxygen atoms amfistance and weak repulsive O-O interactions provided by
the protrusions in the STM images. This theoretical studyheighboring sites in thf001] azimuth.
has shown that a couple of oxygen atoms positioned in the The exact location of the oxygen atoms cannot be directly
symmetric short-bridge site appear in the image as two prodeduced from the images, but the long-bridge site can be
trusions at a distance of exactly 3.8%A. ruled out, because the pairs sit approximately on top of two
The present STM results are an example of a system witadjacent Rh rows. Since the vibrational dasaggest either
a very strong effect of the substrate surface anisotropy on thgvofold or threefold oxygen coordination, the on-top site
potential-energy surface for dissociation and negligible “bal-seems the least possible one in accordance with the recent
listic” motion of oxygen atoms. The interpair separation for theoretical study. The evaluated interatomic distance of
O, dissociation on R1L11) and C{110) is usually more than ~3.3 A suggests an asymmetric short-bridge site with atoms
one lattice constant, contrary to what should be expecteth the pair pointing towards the adjacent fcc threefold sites.
considering the high diffusion barriet§.This was explained Further shortening of the O-O distance in denser layers pre-
in terms of nonthermal, transient motion due to partial transcedes the transition to the ordered2)p2mg phase,
formation of the released adsorption energy into kinetic enwhere the atoms are in threefold sites, separated by 293 A.
ergy, which creates so-called “hot” atoms. The initial mo- This finding clearly shows that simple classification of the
mentum of the oxygen atoms after dissociation makes themadsorption sites as a short bridge, a long bridge, etc., is only
travel in opposite directions so that they can be found akn approximation. In reality, the adspecies are not rigidly
distances as far as three lattice constants. For a similarlyapped in the highest symmetric geometry and can undergo
corrugated C(110) surface, the pairs were oriented either in Jateral movements responding to the charge-density changes
[110] or [001],® with most probable separation of two lattice induced by the interadsorbate interactions. It is interesting to
constants. This was interpreted in the framework of a mofote that in the rhodium oxide, BB, the O-O distance
lecular precursor model, suggesting that the pairs preserv@vers a remarkably similar range from 2#6Q2.09 to 3.14
the orientation of the oxygen molecules prior to dissociation= 0.05A 1

0.95

Height (A)

0.90

0.85
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lattice constants. The almost equal number of patches with
in- and out-of-phase adjacent chains comes from the random
growth, determined by the location of the first pair, which
acts as a nucleation center. The maximum coverage corre-
sponding to a perfect (23) or c(2X6) structure is 0.33
ML, not attained with the present only local order.

The transition state to the formation of theX2)p2mg
islands is clearly manifested in Fig. 4. As is evidenced by the
image, some oxygen pairs accommodate in the empty space
between the chains, generating a layer that locally has a hon-
eycomb structur¢see the hexagons in the lower part of Fig.

4 and the model in Fig. (®)]. This structure, which is not

FIG. 4. 60<40A% STM image of the Ri10 surface after stable on a large scale, can be regarded as a sequence of
0.75-L oxygen dose at 170 K; bias:+0.07 V, current: 1 nA. antiphase zigzag and zagzig oxygen chains decorating adja-

An interesting question is the mass transport involved incent[llO] Rh rows. Phase change of the zagzig oxygen

. , , — chains naturally leads to the ¥21)p2mg structure. A strong
the aggregation of the pairs and formation of §Hel0] . . . . —
chains. Our results point to a mechanism with anisotropid_merchaln correlation of the zigzag O al_ong f'f‘ﬂo] direc-
diffusion barriers, which restrict the mobility to tH&01] tion has alregdy been found by a He d|ffr§ct|on stﬁnﬂ-y..
direction. If we assume random dissociation, this would re- N conclusion, the Rt110) surface exhibits three distinct
quire that the pairs are very mobile and diffuse as units alongroperties for @dissociation at low coverage different from
the [110] direction until trapped at the most favorable dis- e other previously studied transition metals. Thesdiaw

tance of two lattice constants. As this appears to be VerIow-energy reaction path for the molecular precursor with an

unlikely, we propose instead a scenario where a mobile mo%ms oriented if001]; (ii) effective dissipation of the chemi-

i . — cal energy released in the dissociative adsorption process,
lecular precursor is trapped in th&10] troughs and expe- \hich prevents the formation of “hot” oxygen atoms; and
riences a higher _dlss_00|at|on propab|l|ty hitting e>§|st|ng OXY- (jii ) asymmetric short-bridge adsorption sites for the oxygen
gen pairs, resulting in the formation of long chains even agioms of the created pairs. Evidence for lateral movements of

very low coverage. . . ) the atoms in the pairs, preceding the conversion to the three-
The local (2<3) orc(2x6) “ordering” of the chains at 5|4 sites in a dense layer, was given as well.

higher coverages is evidently imposed by the compression of
the adlayer. In this event, the chains behave as individual We would like to thank S. Baroni for helpful discussions.
units; they grow randomly and the minimum allowed dis- Financial support from the MURST under the program
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