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Mobility and Trapping of Molecules During Oxygen Adsorption on Cu(110)
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Adsorption of oxygen on Cu(110) at 4 K has been investigated by scanning tunneling microscopy.
We have observed that weakly bound, “trapped” molecules coexist with pairs of atoms which are
preferentially oriented alond110] and [001]. Molecules and atoms are both adsorbed in hollow
sites. Clustering of ©at step edges perpendicular [tol0] indicates substantial anisotropic mobility
of the molecular precursor. It is concluded that precursor dynamics and multidimensionality of
the potential energy surface have a dominant influence on the dissociative chemisorptignonf O
Cu(110). [S0031-9007(97)02441-1]

PACS numbers: 68.35.Ja, 61.16.Ch, 82.20.Kh, 82.65.My

Chemisorption of oxygen on metal surfaces is of fun-can be either trapped in a local minimum of the PES or
damental interest for the understanding of catalytic reacfind a channel for dissociation.
tions. The dynamics of adsorption strongly influences the All experiments were performed with an Eigler-type
reactivity of an adsorbate-covered surface—only a mobilscanning tunneling microscope (STM) which operates
adsorbate can reach a favorable, chemically “active” sitth UHV at a temperature of 4 K [8—-10]. Cu(110)
or find an easy path to dissociation. Based on molecusurfaces were prepared by standard sputter-anneal cycles
lar beam experiments it has been suggested (see, e.gefore being transferred into the STM, where surface
Refs. [1,2]) that chemisorption at low temperature pro-cleanliness was checked prior to oxygen adsorption.
ceeds via molecular precursor states which accommodat@xygen (99.998%) was dosed with the sample held in
to the surface before surmounting the barrier to dissocithe microscope and the STM tip mechanically retracted.
ation. Many experiments on precursor-mediated adsorpFo avoid CO formation, the filaments and ion pump
tion are interpreted in terms of motion over a simplifiedwere turned off during oxygen exposure., @npinges
potential energy surface (PES) with only one “reactionon the Cu surface with near grazing inciderte€5°) and
coordinate.” This model and the assumption that prewith a typical thermal energy of 50 me\E(;, = 2T,
cursors are in thermal equilibrium imply theequential 7 = 300 K). Because of the particular design of our
trapping of physisorbed and chemisorbed molecules iI5TM there is a pressure gradient of several orders of
local minima of the PES, a phenomenon which hasnagnitude between the,Onlet and the sample position
been reported to occur on Ag(110), Pt(111), and Cu(100yhich impedes a proper dosage calibration. Typically, an
[3-5]. There are, however, at least two aspects of adexposure to 1000 L of ©(measured at the leak valve)
sorption dynamics which can invalidate the concept of seis needed to obtain a coverage of the order of 0.01 ML
quential adsorption. First, a “hot precursor” may crosson the sample surface. It must be emphasized that this
the PES by transient motion before it loses its energy t@henomenon is not caused by a low sticking coefficient,
the substrate [6]. Furthermore, the multidimensional PESince the sticking of oxygen on Cu(110) is facilg) =
may possess “valleys” where even a precursor with lowd.6 at 100 K [11]).
kinetic energy can find a crossing path. The importance Figure 1 shows &40 A X 340 A topography image
of a multidimensional model for the PES has recentlyof the Cu(110) surface after oxygen dosage at 4 K. To
been emphasized by the first full quantum dynamical calhighlight the adsorbates all atomic terraces are reproduced
culation of hydrogen chemisorption on Pd(100) [7]. Thiswith the same grey scalélwo different adsorbate-related
study has shown that experimental results which are usdeatures can clearly be distinguished in Fig. 1. First,
ally taken as indicators for precursor-mediated adsorptiomwe find closely spaced pairs of depressions (markgd
can also appear without the presence of a precursor dwehich are interpreted adissociated oxygen atomsrThis
to steering effects on the six-dimensional PES. Here wassignment is in accordance with other STM studies of
report that—in contrast to the notion of sequential adsorpatomic oxygen on metals, where the adsorbate could also
tion—a weakly bound molecular precurstwexistswith  be imaged as a holelike feature [12,13]. Most of the
ordered pairs of dissociated atoms after oxygen adsorggairs are aligned parallel to the close-packed rows of the
tion on Cu(110) at 4 K. The static adsorbate distributionsubstrate lattice. Besides the pairs we observe randomly
serves as a “fingerprint” of chemisorption dynamics andlistributed single protrusions (marked). As will be
directly reflects the implications of the real, multidimen- substantiated below, these features are attributed to a
sional PES on the chemisorption process. We find thatweakly boundmolecular precursar Apart from the two
depending on their angular orientation, oxygen moleculessolated adsorbate species, we find that clusters (marked
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FIG. 1. Cu(110) after © adsorption atl’ = 4 K. Field of
view: 340 A X 340 A, Vg3 = —0.2V, Iy = 100 pA. The
same grey scale is used on all atomic terraces. Adsorbate-
related features are marked [paiig), single protrusiongm),
clusters(c)].

FIG. 2. Same area on Cu(11@gfore (a) andafter (b) O,

. . . exposure at 4 K. Field of view: 370 A X 280 A, Vz =
¢) grow either in the middle of larger terraces or at ste 0.1V, Iy — 400 pA. A partial high-pass filter is applied to

edges perpendicular {a10]. _ N ) enhance the local contrast. Adsorbates are labeled as in Fig. 1.
Small amounts of surface impurities could easily be

mistaken for oxygen adsorbates. Therefore it is crucial

to ensure that all observed features really are oxygeBTwm topograph which displays two pairs of depressions
related. For this purpose we image teamesurface (o atoms) and one protrusion {@nolecule). Evidently
area on Cu(110) before and immediately afterddsage. poth species sit in hollow sites of the Cu lattice. It

The bare surface [Fig. 2(a)] is entirely free of impuritiescan therefore be established that no CO contamination
and Cu adatoms. It displays a screw dislocation and

several racetracklike subsurface defects [14] which serve

as convenient markers. After,@&xposure, all expected

features (pairs, protrusions, clusters) appear on the surface -
[Fig. 2(b)]. Here the protrusions are imaged slightly
differently compared to Fig. 1. We have found that
the appearance of the precursor-related features strongly
depends on the sample bias voltag and on the
state of the tunneling tip, while the pairs are imaged as
depressions over a wide range of tunneling conditions.
The results shown in Fig. 2 preclude residual surface
contamination as a possible source of the observed
adsorbate features. However, it could be argued that
some adsorbates are carbon monoxide molecules since
CO is known to appear as a frequent by-product during
oxygen exposure. Although the STM does not provide
a means for chemical identification of adsorbates, it can
still be applied to discriminate between impurities and 254

oxygen adsorbates by probing their respective adsorption , , , )
geometries. CO has been found to adsorb on Cu(11 IG. 3. High-resolution STM image .of molecular and at_omlc
; . . ) xygen on Cu(110). Field of view:37 A X 37 A, v =

in an on-top configuration with respect to the substrate_o_2 V, Iy = 400 pA. Contours are added to highlight the

atoms in the topmost layer [15-17]. The adsorption siteghape of the adsorbates and the position of the local topographic
for O,/Cu(110) are shown in Fig. 3, a high-resolution extremal points.
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is present in Fig. 2 and that the observed protrusiongmaged as a circular featutd ~ 6 A) with a dark core
are indeed molecular oxygen. The adsorption site for Gnd asymmetric bright lobes. As the image is scanned
atoms confirms the result reported for an active oxygernorizontally from top to bottom, the STM first reproduces
species which has been found on Cu(110) after roonthe upper semicircle of the molecular feature. When the
temperature exposure to, Q18]. center of the semicircle (i.e., the true position of the mole-

The formation of adsorbate clusters points to a sig<cule) is reached the adsorbate recoils, making one hop
nificant lateral mobility of the molecular precursor (the along[110]. Subsequently, a displaced slice of the same
high initial sticking coefficient of @ on Cu(110) [11] semicircle is observed. The constant length of the jump
precludes an explanation of cluster growth in terms ofdistances in Fig. 4(b) corroborates the observation of one
selective sticking at the edges of preadsorbed islandsjvell-defined adsorption site for the molecular precursor.
Precursor mobility requires a weak adsorbate-substrate in- We suggest that tip-induced sliding actually simulates
teraction, a property which can be qualitatively probedthe transient motion of the “hot” molecular precursor
with the STM by using it as a tool for atomic scale ma-immediately after adsorption, This hypothesis is in accord
nipulation [19]. This is illustrated in Fig. 4(a), an im- with the observed cluster distribution. Since anisotropic
age similar to Fig. 2(b) which has been recorded withhopping barriers largely restrict the precursor mobility
an increased tunneling current of 1 nA. In response tdo the [110] direction, it can be expected that clusters
the stronger tip-adsorbate interaction the molecules whichgglomerate at step edges perpendicular to this direction.
are immobile in Fig. 2(b) slide along the close-packedExperiments also show that clustering at step edges
rows and appear as diagonal traces. Although the imageerpendicular tqd110] does not depend on the azimuth
is rastered horizontally, all molecules stay in the troughof the incoming beam. Obviously, less time is required to
of the substrate. Obviously, the hopping barrier for therandomize the initial momentum of an adsorbed particle
molecules is much smaller alofg10] than perpendicu- than to equilibrate its kinetic energy with the substrate.
lar to the close-packed rows. A high-resolution imageClusters are imaged mainly as depressions, and for
of a sliding molecule [Fig. 4(b)] and a schematic illus- small clusters, individual oxygen atoms can be resolved.
tration of the sliding process [Fig. 4(c)] reveal that theTherefore it is proposed that pairs of O atoms act as
tip-adsorbate interaction is repulsive and short range. Atuclei for cluster growth. It must be emphasized that
the low sample bias o’y = 6 mV, the Q molecule is at 4 K we do not observe any thermal diffusion (on
a time scale of hours). Consequently, clusters cannot
grow by attachment of already dissociated pairs but
only by trapping of mobile molecules which seem to
experience an enhanced dissociation probability upon
collision with a cluster. A comparison of the tunneling
parameters which are needed to displace am®@lecule
with similar manipulation experiments involving either
physisorbed Xe or chemisorbed CO [19] suggests that
the O molecule is physisorbed. However, this question
cannot be conclusively answered, since it is conceivable
that a chemisorbed precursor is equally easy to displace if
the diffusion barrier alon§110] is low enough.

In Fig. 5 we show a bar chart which represents the ori-
entation and intrapair separation of chemisorbed oxygen
pairs. Itis immediately clear that the angular orientation
of the pairs is highly anisotropic. We find that from a
total of 296 pairs, 205 are aligned parallel to the close-
packed rows. While it is still quite probable to find pairs
which lie perpendicular t9110] (72 pairs), obliquely ori-
ented pairs remain the exception. For pairs aligned with
either[110] or [001] the most probable intrapair separa-
tion corresponds to 2 lattice constants. The surprisingly
small number of pairs with nearest neighbor separation
points to a repulsive interaction at short distances. On
FIG. 4. (a) Same as Fig. 2(b), recorded with increased tunthe assumption that the part of the chemisorption energy
neling current §70 A X 300 A, Vy = —0.1V, Iy = 1 PA).  \yhich hecomes available for lateral motion is equally dis-

O, molecules slide along110] (diagonal traces). (b) High- . .
resolution image of a molecular tracB0(A x 24 A, Vj — tributed among the two oxygen atoms [20], these pair sta-

6mV, Ir = 1 nA). (c) Schematic sketch illustrating the re- tistics suggest that dissociation happens preferably over
pulsive tip-molecule interaction. the hollow site. Based on the result shown in Fig. 5,
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& existence of a molecular precursor under such condi-
tions. We conclude thaholecular mobility and trapping
strongly influence the adsorbate distribution in the system
0,/Cu(110), while atomic mobilityis only of secondary

& importance.
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