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Interactions bete'een alkali metals and oxygen on a reconstructed surface: An STM study
of oxygen adsorption on the alkali-metal-covered Cu(110) surface
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Room-temperature adsorption of oxygen on potassium- and cesium-precovered Cu(110) surfaces was
studied by scanning tunneling microscopy. Depending on the alkali-metal precoverage, two different
scenarios exist for the structural evolution of the surfaces. For alkali-metal coverages 8,»~0. 13 MI,
[8,~&=0. 13 corresponds to the (1X3) missing-raw reconstructed Cu(110) surface], oxygen adsorption
leads first to a transient contraction of the missing rows into islands of a (1 X 2) structure. After longer
exposures it causes the local removal of the alkali-metal-induced reconstruction, and the (2X1) Cu-0
"added-row" structure with Ho=0. 5 is formed. In this structure the alkali-metal atoms are incorporated
in the Cu-0 chains. For higher alkali-metal precoverages, in the range of the (1X2) reconstruction
(8,»=0.2), more than one-half a monolayer of oxygen can be incorporated into the (1X2) phase with

only a minor structural effect before, at higher oxygen coverages, complex oxygen —alkali-metal-Cu
structures with oxygen coverages well above 0.5 ML are formed. The saturation oxygen coverage is

drastically enhanced beyond Ho=0. 5, the quasisaturation value of the clean surface. Based on mass-

transport arguments the substrate is reconstructed for all ratios of oxygen and alkali metal investigated
here. Hence, adsorbate-substrate interactions are essential for these structures; they are not dominated

by interactions between alkali metals and oxygen, i.e., by adsorbate-adsorbate interactions.

I. INTRODUCTION

Coadsorption of different adsorbates often leads to
significant modifications of the chemical and structural
properties of the respective adsorbates by the formation
of mixed adlayers or even by surface compound forma-
tion. The interaction between alkali metals and oxygen,
coadsorbed on metal surfaces, is of particular interest be-
cause of its relevance for various catalytic processes. It is
known that on catalysts for ammonia synthesis the alkali
metal is present on the surface not as a bulk oxide but as
a chemically different species which is bound to the Fe
surface, together with oxygen. ' This raises questions on
the chemical nature of the interactions between the ad-
sorbed alkali metals and oxygen atoms. Both direct
bonds or substrate mediated interactions appear plausi-
ble. Here we present a scanning tunneling microscopy
(STM} study on the structural and mechanistic aspects of
the coadsorption of alkali metals and oxygen on a
Cu(110) surface. By exploiting the fact that both of these
adsorbates interact strongly with the substrate and lead
to characteristic reconstructions of the substrate already
at room temperature, we gain information an the coad-
sorption behaviar and on the role of substrate-adsorbate
interactions in the resulting surface phases. The first evi-
dence, to our knowledge, of a change in the surface
reconstruction during oxygen adsorption on an alkali-
metal precovered fcc(110) surface was found in a low-
energy electron diffraction (LEED) study on
0/K/Ni(110) (Ref. 2) where at sufficiently low alkali-
metal precoverages a transient (1X2}phase is formed
which finally transforms into a (2X 1}phase. At higher

alkali-metal precoverages, complex superstructures were
observed.

The (reconstructive) adsorption behavior of the binary
systems, 0/Cu(110) and alkali-metal/Cu(110), has been
studied extensively in the recent past, in particular by
STM. Alkali-metal adsorption on Cu(110} at room tem-
perature results in a series of missing-row reconstructions
where the alkali atoms form a dilute phase, embedded in
the troughs of the missing rows. At low coverages, the
reconstruction is a local process where individual alkali-
metal atoms replace two or three Cu atoms from the
close-packed [110]Cu rows and are adsorbed in the re-
sulting holes. With increasing coverage, these nuclei ar-
range into ordered (1X3) (8&&=0.13) and (1X2) phases

(8,&k~0.2). [The coverage 8 refers to the Cu atom
density in the topmost unreconstructed Cu(110) surface. ]
Similar structures with only small structural differences
between the various alkali metals have been reported for
alkali-metal adsorption on a number of fcc(110) surfaces
such as Ni(110), Ag(110), and Pd(110) which signals a
universal behavior of these unreconstructed surfaces
upon alkali-metal adsorption (see Ref. 8 and references
therein).

Oxygen adsorption on the Cu(110) surface at room
temperature leads to an almost instantaneous (2 X 1)
reconstruction, via island formation, where chains of al-

ternating oxygen and Cu atoms run along the [001]direc-
tion. " This is perpendicular to the direction of the
atomic rows in the alkali-metal-induced missing-rom

reconstruction. The oxygen coverage in this phase is
OO=O. 5. Only at very high oxygen doses, at about

16.000 L (1 L=10 Torrs) at room temperature, a
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c(6X2) phase with 8o= —', is formed. ' '
Based on the reactivity of alkali metals with oxygen

one might expect that the coadsorption of oxygen and al-
kali metals is dominated by attractive interactions or
even compound formation of the two adsorbates. We
show here that for alka1i-metal coverages up to 8,»=0.2,
substrate-adsorbate interactions continue to play an im-
portant role and that the observations can be fully ration-
alized only when the various reconstructions of the sub-
strate are also taken into consideration. (Based on re-
ports of Clendening et al., a coverage of 8&I,=0.48 corre-
sponds to 1 ML of cesium on Cu(110) 8,&&=0.2, there-
fore, is approximately one-half a physical monolayer. )
The resulting structures are determined by the competi-
tion between three bonds: that between the alkali metal
and the oxygen and those of the two adsorbates with the
substrate. It will be shown that it depends on the respec-
tive coverages which of these interactions is the most
dominant.

In the experiments presented here we investigated
structural changes that occur upon oxygen adsorption on
a submonolayer alkali-metal precovered Cu(110) surface
by STM. Two different alkali-metal precoverages were
used: In the first part of the paper, we will present data
obtained for an alkali-metal precoverage of 8,&z 0. 13,
where the Cu(110) surface is (1X3}reconstructed. The
second part of the paper deals with alkali-metal precover-
ages around 8„&=0.2, which induce a (1X2) reconstruc-
tion of the Cu(110) surface. In this case, complex struc-
tures are formed upon subsequent oxygen adsorption,
which differ considerably from those at lower alkali-metal
coverages and also from those formed by the individual
adsorbates. The structural and mechanistic implications
of these results and their relation to existing data are
finally presented in the conclusions.

II. EXPERIMENT

The experiments were performed in a UHV system
(base pressure: 1X10 ' Torr) equipped with a "pocket
size" STM and facilities for LEED, Auger electron spec-
troscopy (AES} using a cylindrical mirror analyzer, and
ion sputtering. The Cu(110} surface was cleaned by re-
peated sputter and annealing cycles until no impurities
could be detected by AES and a sharp (1 X 1) pattern had
evolved in LEED. The alkali metal was evaporated from
commercially available SAES getter sources. The cover-
ages were determined by AES, from the LMM transition
at 252 eV for K, from the MNN peak at 563 eV for Cs,
and from the KLL Auger peak at 510 eV for oxygen.
The absolute potassium coverage was calibrated by use of
the c (2 X2) structure formed at 8K=0.50 on the Au(110)
surface. ' The Cs coverage was calibrated by assuming a
coverage of 8C,=0.13 for the (1X3) structure on
Cu(110). For calibration of the 0 coverage the (2X1)
reconstruction formed at 8o=0.5 on Cu(110) was
used. ' The STM images are colored with a gray scale
according to height. Brighter areas correspond to higher
levels. The tunneling conditions are given in the figure
captions. The tunneling voltage is the potential of the
sample with respect to the tip. Further experimental de-
tails are given in Ref. 6.

III. RESULTS AND DISCUSSION

A. Oxygen adsorption for 8,+ & 0.13

1.2

O 0.8-
U)

8
& o.s-
Cg 0.4 - 0
ol . Oa

0.2 + gho
0

0.0 ':
0

0

0

0
0

D ec,=o
& ecs=0.11
& ec =0.15

10
oxygen exposure [L]

ecs=0.3

eCs=0.44

20

FIG. 1. Oxygen uptake curves on Cs/Cu(110) at 300 K. The
Cs coverages are as indicated. The oxygen pressure was
1 X 10 Torr.

First, we present oxygen uptake curves on the alkali-
metal precovered surface determined by AES. A set of
data measured for the 0/Cs/Cu(110) system is shown in
Fig. 1. They indicate an enhancement of the initial 0-
sticking coefficient by more than a factor of 2 for
8C, =0.11, compared with that of the clean Cu(110) sur-

face. For Cs coverages below 8C,=0.15, the oxygen ad-

layer reaches an apparent saturation coverage of 8=0.5
at approximately 10 L. For doses in excess of 10 L, oxy-
gen uptake proceeds much slower. Similar results are ob-
tained for K/Cu(110). For the pure 0/Cu(110} system
further oxygen uptake above 8o=0.5 leads to a c(6X2}
phase with 8o=—', which was saturated at -16.000 L.
We note in advance that the same structure develops on
the alkali-metal precovered surface, but the oxygen expo-
sures required are significantly lower: The c (6 X2) struc-
ture begins to form already after additional 850 L of oxy-
gen. Hence the increase in the oxygen sticking coefficient
caused by preadsorbed alkali metal is also found in the
higher oxygen coverage regime. In total, the kinetics of
the 0/Cu(110) interaction are strongly affected by the
coadsorbed alkali metals already in the low alkali-metal
coverage regime. The data for alkali-metal coverages
8&k & 0.15 in Fig. 1 will be discussed in the next section.

The structural effects of oxygen adsorption on alkali-
precovered Cu(110) are illustrated in a set of selected
STM images from a series recorded during oxygen ad-
sorption on the K-precovered, (1X3) reconstructed
Cu(110) surface (8+=0.13) (Fig. 2). The oxygen doses
are indicated in the figures. Up to 24 L [Fig. 2(f)], the ox-
ygen pressure was about 7 X 10 Torr. For the final ex-
posure of 850 L shown in Fig. 2(g) the oxygen pressure
was raised to 1X10 Torr. The time intervals between
the STM images were of the order of a few minutes.
During the experiment the scanned area drifted by about

3
of the width of the image towards the left side. From

comparison of STM measurements of 0-adsorption on
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the clean Cu(110) surface with the results of the 0-uptake
curves in Fig. 1, the effective doses in the STM images are
deterrlined to be about two times lower than in Fig. I,
due to shadowing effects of the tip.

Figure 2(a) shows a part of a large (1 X 3) reconstruct-
ed terrace. The dark stripes correspond to the K-611ed
troughs of the reconstruction, which in this case are im-
aged as indentations. The K atoms are invisible in these
images, as it is mostly the case with the K/Cu(110) sys-
tem. After an oxygen exposure of 0.5 L the previously16

almost perfect (1X3) reconstruction is locally destroyed

e) BL

, e

FKJ. 2. STM images recorded during oxygen adsorption on

the potassium-precovered Gu(110) surface, with 0&=0.13
2

(360X360 A. ; UT= —0.03 V, IT=6.3 nA). The oxygen doses
are indicated. In Fig. 2(c) the dissolution of [110]Cu rows in

the (1X2) structure and in Fig. 2(d) the nucleation of the

(2X 1)O structure are marked with arrows.

[Fig. 2(b)]. Several missing-row troughs have moved to-
gether to form local (1X2) units, which mostly extend
over only two missing-row troughs in the [001]direction.
After a total exposure of 2 L [Fig. 2(c)] the (1X3!
missing-row structure has been completely removed and
the surface topography is dominated now by individual
(1X2) missing-row entities. Their average length along
[110] is now about 100 A, while before oxygen adsorp-
tion the missing-row troughs extended over the entire ter-
races. Simultaneously also the total area covered by the
missing-rom troughs is reduced by about 30% as com-
pared to the initial surface. If we assume the Cu surface
atoms to be in a (1X1) configuration in the flat parts of
the surface, the decrease in the missing-row reconstruct-
ed area corresponds to an increase in the density of top-
most layer Cu atoms by about 0.1 ML, which requires
substantial mass transport of Cu atoms. Additionally, in
some of the (1X2) elements even the central Cu-[110]
row has been removed [see the arrow in Fig. 2(c)].

Both the removal and the clustering of missing-row

troughs in (1X2) structures continue to higher oxygen
exposures. After an oxygen dose of 4 L in total the
missing-row troughs have decreased by another 50% and

the (1 X2) islands now consist of up to ten (1 X2) rows.
At the same time, the first indications of a new structure
are seen as faint gray lines along the [001] direction [one
is marked by an arrow in Fig. 2(d)]. After an exposure of
5 —6 L these lines have stabilized and form small troughs
along [001], orthogonal to the (1X2) row direction.
They closely resemble individual Cu-oxygen chains of the
"added-row" phase, observed for the pure binary system
0/Cu(110). ' "' The formation of these (2X1) nuclei

on the potassium-precovered surface, however, starts at
much higher oxygen coverages as compared to the clean
Cu(110) surface: Considering the data in Fig. 1 (corrected
for the shadowing of the tip) the oxygen coverage is

about 0o =0.2 for an exposure of 4 L. In contrast, on the
clean Cu(110) surface, nuclei of the (2X 1) structure form
instantaneously at room temperature at the lowest inves™

tigated coverage, and for Ho=0. 2 40% of the surface is

covered with the (2X1) added-row phase. The most
plausible reason is that the adsorbed oxygen is removed
from the system by reaction with the adsorbed alkali
atoms up to a critical coverage. Only after this coverage
is exceeded can the (2 X 1)O phase start to form. Addi-

tionally, the consumption of Cu atoms for the filling of
the missing-row troughs and the formation of the Cu-O
chains are competitive processes. Hence the formation of
the (2X1I nuclei might be retarded by a lack of CU

atoms.
After an oxygen exposure of 8 L the (2 X 1) nuclei have

grown to small stripes of the (2X1) added-row recon-
struction [Fig. 2(e)], which are resolved as gray stripes
normal to the former alkali-metal-induced rows [note
that due to electronic efFects and tip condition the (2 X I )

added rows are imaged as indentations in this image ].
The (1X2) structure of the alkali-metal reconstruction
has completely disappeared. In addition, monolayer deep
holes have formed, preferentially on the previously

(1X2) reconstructed area [cf. Figs. 2(d) and 2(e)]. Ap-

parently, the edges of the (1X2) areas can supply Cu



50 INTERACTIONS BETWEEN ALKALI METALS AND OXYGEN ON. . . 17 459

atoms for the buildup of the (2X 1}added-row structure
on the unreconstructed surface areas more efhciently
than the clean parts of the surface. For the clean Cu(110)
surface, steps are the main source of Cu atoms during its
reaction with oxygen. ' '

Growth of the (2 X 1) phase proceeds with further oxy-
gen exposure and after a 24-L exposure, practically the
whole surface is (2X1) reconstructed [Fig. 2(f)]. LEED
images of such a surface show clear, sharp (2 X 1) spots,
indistinguishable from those seen for the pure 0/Cu(110)
system. At this point, the oxygen coverage as determined
by AES has reached a value close to Ho=0. 5. Hence, at
the first glance, the potassium preadsorption does not
influence the structure of the (2X1) 0/Cu(110) recon-
struction. Closer inspection, however, reveals that the
(2X 1) added rows display many defects, which were not
observed in the binary 0/Cu(110) system and which are
associated with the alkali atoms, as discussed later (see
Fig. 3).

During the next 100 L only minor changes of the sur-
face structure are observed. The (2X 1) reconstruction is
completed during this stage. In addition, some white
protrusions are formed, mainly near step edges. Their
number increases with higher oxygen exposures, and
after an oxygen dose of 850 L [Fig. 2(g)], they start form-
ing islands with a regular structure. This structure and
the protrusions very much resemble the features of the
c(6X2) 0/Cu(110) structure in the pure 0/Cu(110) sys-
tem, ' ' and in analogy the white protrusions are inter-
preted as nuclei of the c(6X2) structure. The minimum
dose required for the beginning of the formation of the
c (6X2) structure, however, is about one order of magni-
tude lower on the K-precovered surface than on the clean
Cu(110) surface at room temperature.

The question of the locations of the K adatoms in the
(2X1)O structure can be answered more clearly from a
similar STM experiment, where the tip and imaging con-
ditions were di8'erent from before: The Cu-0 added rows
appear as protrusions. The potassium precoverage is

FIG. 3. STM image recorded during oxygen adsorption on
K/Cu(110) (0~ =0.13;400X330 A; UT= —1.6 V, IT=2.5 nA).
Note that due to difFerent imaging conditions the defective
[001]added rows in the (2X 1)O structure appear as prominent
features, differently from Fig. 2. The oxygen dose is 12 L.

again OK =0.13. The sequence of surface structures is the
same as in the previous experiment. In this imaging
mode the added rows of the growing (2X1}phase show

many defects which appear as interruptions of the rows
(Fig. 3}. The apparent width of the defects is about 3—4
A, which corresponds to one substrate lattice constant
along [001]. The asymmetry of these defects —at the
right-hand side of the interruptions the (2 X 1) rows show
slight protrusions —most certainly reflects an asymmetric
STM tip. From the fact that such defects have not been
observed in (2X l)O structures formed on clean Cu(110)
and from the observation that the density of these defects
corresponds reasonably well to the alkali-metal
coverage —in this case a density of 0.1 ML is found in
the well-ordered areas of the (2X1) reconstruction —we
identify these defects with K atoms which have replaced
a Cu atom in the added row. This idea of a K-Cu ex-
change is supported by STM images obtained under
different tunneling conditions (UT= —0.5 V, IT=6.3

nA), where the defects are imaged as bright protrusions,
which contradicts a simple interpretation as Cu vacancies
in the added rows. (Imaging of such vacancies is not ex-

pected to depend strongly on tunneling conditions. ) The
slightly lower concentration of defects compared to the
actual alkali-metal coverage may be understood from
alkali-metal atom adsorption at antiphase domain boun-
daries of the (2 X 1) phase and other structural defects.

A similar sequence of structures was found also for
lower K coverages, below the formation of a perfect
(1X3) structure. Substituting the potassium by cesium
leads to a similar structural scenario as seen for the
0/K/Cu(110) system. That is, oxygen adsorption on
cesium-precovered Cu(110) surfaces [8&,=0.13, which
corresponds to the (1 X3) reconstruction] leads at first to
a pairing of the reconstruction troughs into (1X2}
missing-row elements, followed by the formation of com-
pact (1 X 2) islands, the dissolution of this reconstruction,
and the formation of the 0/Cu/(110) (2X1) added-row
structure.

Upon coadsorption of alkali metals and oxygen on
Cu(110) in the lower alkali-metal coverage range strong
attractive interactions between the opposite dipoles
alkali-metal substrate and oxygen substrate are expected,
and even direct chemical bonds between alkali-metal and
oxygen atoms might be formed. Indeed, the contraction
of the missing-row reconstructed area and the formation
of the (1 X2) missing-row islands at 8K =0.13 are indica-
tions that some kind of a compound between oxygen and
alkali metal exists at low oxygen coverages: In the pure
alkali-metal-induced missing-row reconstruction the sys-
tem attempts to uniformly distribute the missing rows on
the surface due to the dipole-dipole repulsion between the
alkali-metal atoms. A (1X2) reconstruction in a non-
reconstructed surrounding is seen neither for the clean
alkali-metal/Cu(110} system nor for 0/Cu(110). The fact
that the missing rows shrink and cluster in islands upon
oxygen adsorption points to an e8'ective attraction be-
tween the alkali-metal atoms or the alkali-metal filled
troughs, respectively. This can only be rationalized if ox-
ygen is present in these islands. The same conclusion is
derived also from the observation that in the beginning
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no other oxygen features are seen in STM, although oxy"
gen is clearly detected by AES.

A clear structure identification of the different phases
formed during adsorption on the alkali-metal precovered
(8»k~0. 13) Cu(110) surfaces is not possible from our
STM data. Nevertheless, they provide sufficient structur-
al information for a tentative assignment. As mentioned
before, the preferential formation of pairs of missing rows
at the beginning of the oxygen exposure [Figs. 2(b) and
2(c)] indicates that these rows are connected by oxygen
atoms in between. %e speculate that this occurs via local
K20-type units, which consist of two alkali-metal atoms
residing in the missing-row troughs and a connecting ox-
ygen atom localized on the close-packed Cu row between
them. A schematic representation of such a K20 unit is
shown in Fig. 4(a). The stability of these structures can
be understood from a relatively high binding energy of
the oxygen in these K-O-K bridges across the [110] Cu
row due to the negative excess charge density on these Cu
atom rows: The alkali-metal-Cu bond is negatively po-
larized towards the [110]Cu rows. ' Hence strong bonds
between the electronegative oxygen atoms and these Cu
atoms are plausible. Interactions between oxygen and the
alkali-metal atoms in the very early stages of oxygen ad-
sorption were observed experimentally for Cs/Ag(110)
with 8C, =O. 10.' Ag(110) is very similar to Cu(110) with

respect to both, its reaction with alkali metal and with
oxygen. For Cs/Ag(110) ultraviolet photoemission spec-
troscopy measurements revealed a downward shift in the
energy of the Cs Sp states when oxygen was adsorbed on
the Cs-precovered surface, which was explained by the
presence of negatively polarized oxygen atoms in the
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FIG. 4. (a) Schematic model of a K20 unit in the (1X2)
missing-row reconstruction; (b) model of the
(2 X 1)O/alkali/Cu(110) reconstruction (small black circles: ox-

ygen atoms; medium sized circles: Cu atoms; larger, transpar-
ent circles: alkali-metal atoms).

direct vicinity. This downward shift occurred at very low

oxygen doses and was finished at 1 L, i.e., a strong in-
teraction between the alkali metal and the oxygen exists
long before the completion of the (2X1) 0/Ag(110)
structure, in agreement with our experiments. Similar
conclusions can be deduced also from thermal desorption
experiments. For 0/Cs/Ag(110) (8&,=0.10) a second ox-

ygen desorption peak at higher temperatures was attri-
buted to desorption from a more strongly bound state in
Cs-0 complexes. ' Such strong, substrate mediated
alkali-metal-oxygen bonds have also been proposed for
ox gen adsorption on Cs-covered Ru(0001) where a
( 3 X&3)830' structure with a Cs-0 distance of 3.11 A
was found. In this case also a second, high-temperature
desorption peak was found, this time for Cs desorption
which is less stable than O,d on that surface. '

In the (2X1) phase the alkali-metal atoms are most
likely incorporated in the Cu-0 chains. A plausible ar-
rangement of the alkali-metal atoms is shown in Fig. 4(b).
%e suggest that individual alkali-metal atoms replace in-

dividual copper atoms in the Cu-0 added-row chains
leading to characteristic defects in the (2X1) structure.
%'e did not detect any order in the distribution of these
features, indicative of sizeable interactions between them.
Hence, in the high oxygen coverage regime the interac-
tion of oxygen with the alkali-metal precovered surface

(8,&k~0. 13) is structurally dominated by the Cu-0 in-

teraction. This is further supported by the observation of
the c(6X2}reconstruction at even higher oxygen cover-

ages, identical to the findings for the pure
oxygen/Cu(110) system. The dominance of the Cu-0 in-

teraction, at least at oxygen coverages above -0.2 ML,
may be surprising on a first view, because of the strong
interactions expected to exist between oxygen and alkali
metals. But, it simply re6ects the high stability of the
Cu-0 bond and in particular of the (2X1)O phase. This
makes this phase, with not too many defects (» 0. 13 ML)
due to Cu-K exchange in the added rows, more stable
than a missing-row alkali-metal phase with a high density
of incorporated oxygen adatoms or any other mixed

phase with a completely different structure.

B. Oxygen adsorption on the ( 1 X 2 )

reconstructed surface (H,~k =0.2)

Oxygen adsorption on alkali-metal precovered Cu(110)
surfaces changes signi6cantly in the coverage range of or
above that of the (1 X 2) reconstruction (8,s,

~ 0.2). First
of all, the oxygen coverage does not quasisaturate at
about Ho=0. 5, but progresses continuously up to much

higher oxygen coverages (Fig. 1}. After a dose of 30 L of
oxygen the oxygen coverage has increased to 6io= 1.1 for

6IC, =0.3, and even to HO=1. 2 for Oc, =0.44. Note that

these Cs precoverages are still in the range below a physi-

cal monolayer [8c,=0.48 (Ref. 14)]. [It should be men-

tioned that for the higher alkali-metal coverages in Fig. 1

(8C, ~ 0.3) the saturation coverage of oxygen is enhanced

by about 30% by electron bombardment effects as the

AES data are recorded in situ during the adsorption. The
values found on nonirradiated parts of the surface were

Oo=0. 75 for OC, =0.3 and HO=0. 95 for 8~,=0.44 for a
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30-L oxygen exposure. ] These data are similar to the
numbers reported in the literature: Ernst, Domagala,
and Campbell found a saturation 0 coverage of HO=1. 2
for an oxygen exposure of 2 L on Cs/Cu(110) with

8&,=0.24. For Oc, =0.3 we found the initial sticking
coefficient to be close to one, i.e., six times higher than
that of the clean surface, in accordance with the findings
of Prince and Kordesch for Cs-precovered Ag(110).'

The sudden change in the adsorption behavior of oxy-
gen on Cu(110) beyond 8,&k=0. 13 is different from the
trends found on other nonreconstructed alkali-
precovered metal surfaces such as Cs/Ru(0001). ' The
STM data shown below suggest that this sudden change
is caused by the change in the reconstruction of the
Cu(110) surface, which occurs at these coverages.

The structural effects imposed by oxygen adsorption on
surfaces with higher alkali-metal precoverages, in this
case on the (1X2) reconstructed Cu(110) surface with a
K coverage of 0&=0.2, are shown in Fig. 5. Surprising-
ly, the initial effects of oxygen are less obvious than for
alkali-metal precoverages &0.13. Until at about 10 I.
(images are not shown here) the (1X2) reconstruction
does not change much, apart from a small number of de-
fects where the alkali metal containing missing-row
troughs are interrupted. From the data in Fig. 1 the oxy-
gen coverage after these exposures is estimated to exceed

FIG. 5. STM images of oxygen adsorption on the (1X2)
reconstructed K/Cu(110) surface at 8&=0.2; (a) 14 L (240X210
A; U&= —0.6 V, I~=6.3 nA); (b) 44 L (430X360 A;
Uz- = —0.5 V, Iz = 1 nA).

already —,
' ML. Only at 14 L [Fig. 5(a)] more apparent

changes of the (1X2) reconstruction occur. [Images
recorded before that presented in Fig. 5(a), not shown

here, reveal that in this case the K-filled troughs of the
missing-row reconstruction are imaged as bright lines,
which is different from the usual behavior. '

] In addition
to the small defects, where the protruding white lines are
interrupted, a number of diagonal elements, connecting
neighboring K-filled troughs are resolved. In some areas,
e.g., at the right-hand side of the image, the protruding
lines representing the former K-611ed missing-row
troughs exhibit an additional structure along the rows.
The lines show a chain structure of small bumps with di-
ameters of approximately 6 A. This distance comes close
to the average spacing of the K atoms in the (1X2)
missing-row reconstruction at 8K=0.2. The structured
appearance of these "alkali-metal chains" in the
0/K/Cu(110) system is different from the binary
K/Cu(110) system where the alkali-metal atoms in the
missing-row troughs are mobile at room temperature and
had not been resolved in the STM images. It implies that
the alkali-metal atoms are pinned by oxygen atoms. The
oxygen coverage for the surface shown in Fig. 5(a) is
around 8o=0.7 (directly measured with AES}, i.e., the
surface area shown in Fig. 5(a) contains, on average, 3 to
4 oxygen atoms per potassium atom. Despite the high
oxygen coverage there are no indications for any three-
dimensional oxide, i.e., the mixed layer of potassium and
oxygen still represents a two-dimensional, adsorbed
phase, which displays a clear registry with the underlying
substrate. This phase is obviously different from both the
oxygen (2X1} reconstruction as well as the (1X2}
alkali-metal-induced reconstruction. It cannot be associ-
ated with a perturbed reconstruction of one of the binary
systems, 0/Cu(110) or alkali-metal/Cu(110}, in contrast
to the situation at 8,&k

~0.13. We, therefore, assign it to
a complex surface compound of potassium and oxygen
under participation of Cu.

The lack of long-range mass transport during the for-
mation of this phase indicates that the average density of
Cu surface atoms is maintained, i.e., OC„=0.5. Hence,
this structure equally involves a reconstruction of the
Cu(110) substrate. More information, such as the exact
adsorption sites of the oxygen, and alkali-metal atoms or
the role of the diagonal elements cannot be extracted
from the STM images.

With further increasing oxygen exposure the destruc-
tion of the row structure continues, and the surface ap-
pears more and more disordered, though the terrace
structure is still preserved. This is illustrated in Fig. 5(b}
after a total oxygen dose of 44 L (8o=0.75}. For con-
trast enhancement different terraces are colored with the
same gray scale; the terrace edges appear as slightly
brighter lines. On these terraces more diagonal elements
are found, and small (2X1) patches have evolved. The
latter coexist with the "distorted" (1 X2) domains on one
terrace. The (2X1) structure may be identical to the
(2X 1}phase formed for 8,&z

~ 0. 13, i.e., a largely oxygen-
induced reconstruction, with alkali-metal atoms dissolved
in it. The quality of the STM images in this coverage re-
gime, however, does not allow us to further substantiate
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this assignment. The finding of two different phases in
this alkali-metal coverage regime agrees mell with the
metastable deexcitation spectroscopy results of
Woratschek et al. , where two sets of oxygen-induced
spectral features were seen after oxygen exposure on the
Cs saturated surface. A similar observation of two
phases was reported by Kiskinova, Rangelov, and Surnev
for 0/K, Cs/Ru(0001), ' who found patches with
different work functions on the surface for 8c,&0. 14 and
8o&O

Hence, for alkali-metal precoverages higher than those
necessary to complete the (1X2) reconstruction, i.e.,
8,&&

~ 0.2, the adsorption behavior and the surface struc-
tures induced by oxygen adsorption are drastically al-
tered. Under these conditions the effect of the alkali met-
al is no longer limited to an increase of the sticking
coefficient or to a perturbation of the (2X 1) 0/Cu(110)
structure by inclusion of small alkali-metal defects.

IV. CONCLUSIONS

We have shown that the oxidation of submonolayers of
alkali metals on the Cu(110) surface proceeds via various
(ordered) phases, all of which involve a reconstruction of
the Cu(110) substrate. The actual structures depend on
the respective alkali-metal and oxygen coverages. These
results and the absence of three-dimensional alkali-metal
oxides indicate that the energetics of the adsorption sys-
tem are largely determined by adsorbate-substrate bonds.
Interactions between the adsorbates do, however, affect

the reconstruction itself: After oxygen adsorption for low
alkali-metal coverages, they lead to an instantaneous con-
traction of the missing rows into local (1X2) islands,
which we suggest are stabilized by (alkali-metal)zO units

bridging the [110]Cu rows. This missing-row alkali-
metal —oxygen structure is unstable and undergoes a tran-
sition into a defective (2X 1) added-row structure with

continuing oxygen exposure. This latter phase does not
constitute a compound of alkali metal and oxygen, but
rather resembles the (2X1) 0/Cu(110) reconstruction,
with the alkali-metal atoms statistically dissolved in the
added rows.

For oxygen adsorption on the (1X2) missing-row
structure, i.e., for 8,&&=0.2, a new reconstructed phase is
formed. It is characterized by immobilized alkali-meta1
atoms and diagonal elements between neighboring (1 X 2)
troughs. We ascribe this structure to a complex surface
compound of the alkali metal and oxygen. Further oxy-

gen exposure leads to a phase separation into complex
(1X2), (2X1), and diagonal 0—alkali-metal-Cu struc-
tures. In addition to the 0-alkali-metal-Cu structures
also the oxygen saturation coverage depends strongly on
the alkali-metal precoverage: Whereas at alkali-meta1
coverages up to 8,h. ~0.13 the oxygen coverage does not
exceed Ho=0. 5 [the c(6X2) structure is found only at
much higher oxygen exposuresj, alkali-metal precover-
ages above 8,&&=0.2 lead to oxygen coverages well above
8o=0.5 which are accommodated in complex intermixed

structures.
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