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The process of oxygen chemisorption on a Cu(110) surface has been observed dynamically using
scanning tunneling microscopy. The chemisorbed oxygen is found to nucleate on terraces, and not
at step edges. Isolated chains grow along the (001) directions after homogeneous nucleation, due
to interaction anisotropy along the (001) and (110) directions. Cu atoms diffuse in from step
edges and terrace patches to form "added rows. " Computer-simulation results suggest the growth
mechanism of the chemisorbed layer.

I. INTRODUCTION

When a chemisorbed system has a high heat of chem-
isorption, a stable surface compound is formed. Ordering
of this stable phase often requires the relocation of both
substrate and adsorbate atoms. ' The interaction of oxy-
gen with copper surfaces is a typical example of strong
chemisorption. The Cu(110)-0 systetn has been studied
for many years in order to understand the initial oxida-
tion mechanism. ' Since surface Cu atoms diffuse rap-
idly' ' at room temperature and the sticking coefFicient
of 0 is high, a well-ordered saturated (2 X 1) chemisorbed
layer is known to fortn with &10 L of 0 [1 langmuir
(L)—= 10 Torr sec]. ' Although 0 atoms are known to
adsorb at long-bridge sites on the Cu(110), the structure
of the reconstructed Cu surface is uncertain, and the
growth mechanism of the chemisorbed layer has not been
known. The scanning tunneling microscope (STM)
makes it possible to study the structure and the dynamics
of nucleation and growth of the chemisorbed system by
imaging the surface with atomic resolution as chemisorp-
tion takes place. The previously published results" are
extended and a newly proposed structural model is de-
scribed.

Molecular oxygen is known to dissociatively chemisorb
on the Cu(110) surface, and the surface shows a (2 X 1)

structure at the 0 saturation coverage of 0.5 ML (mono-
layer). The chemisorption of 0 at the long-bridge site
(twofold bridge site along the (001) directions) has been
established by photoemission, EELS (electron-energy-
loss spectroscopy), He diffraction, SEXAFS (surface-
extended x-ray-absorption fine structure), LEIS (low-
energy ion scattering, ) ICISS (impact-collision ion-
scattering spectroscopy), ' and STM." Two models have
been presented for the reconstructed Cu(110)-O(2X I)
surface (Fig. 1): a buckled-row model in which alternate
Cu (001) rows are displaced outward, and a missing-row
model in which alternate Cu (001) rows are missing.
The buckled-row model has been supported by HEIS
(high-energy ion scattering)' and glancing-angle x-ray-
scattering' data. In LEIS (Ref. 9) and ICISS (Ref. 10)
measurements, the missing-row model was first proposed
to explain the blocking pattern and nonexistence of a
61.8' peak in the (211) spectrum. Recent SEXAFS
data' and glancing angle x-ray-scattering data' also
favor the missing-row model due to the absence of a peak
that would be present in the buckled-row model and to
the measured structure factors, respectively.

Most of the studies described above have attempted to
resolve the structural model at the 0 saturation coverage.
In our previous study, " growth of the chemisorbed layer
and the relationship between the growth mechanism and
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ON (I) ON reducing the probability of changes in the tunneling tip
that could occur during consecutive topographic and
spectroscopic scans.

III. STRUCTURE OF Cu(110)-O(2 X I)

—140

FIG. 1. Schematic diagram of the Cu(110)-O(2X1) recon-
struction model. (a) Buckled-row model. (b) Missing-row mod-
el.

the structure at saturation were reported at various cov-
erages. A new added-row model' of the growth mecha-
nism of the chemisorbed layer was proposed after our
previous study. In the present study we show experimen-
tal evidence to support the added-row model ~ The added-
and missing-row models result in an identical surface at
saturation coverage, so the present results also agree well
with recent studies' ' of the saturated structure. The
growth mechanism was studied by the coverage depen-
dence of the STM images. Computer-simulation results,
based on a lattice-gas model, are compared with the STM
observations.

II. EXPERIMENT

A detailed description of the tunneling microscope
used in this study can be found elsewhere. The instru-
ment is housed in an ultrahigh-vacuum (UHV) chamber
with an operating pressure of 1 X 10 ' Torr. After elec-
trochemical polishing, the Cu(110) single crystal with
&0.5' miscut was prepared by successive ion-sputtering

and annealing cycles until a clean (1 X 1) surface was im-
aged by the STM with a W tunneling tip. The sample
was annealed at -300'C for )6 h before 0 exposure in
order to obtain large terraces with straight step edges. '

On a clean Cu(110) surface, (110) Cu rows were ob-
served with corrugations of &0.03 A, but individual Cu
atoms in these rows were not resolved. For the chem-
isorption experiment, oxygen was admitted via a short
tube with a 0.16-cm orifice, 3 cm away from the sample
surface with the instrument in its tunneling position. In
this way the dynamic response of the surface upon arrival
of the gas could be observed. It also allowed precise
control of the coverage; a chemisorption rate [(stick-
ing coefficient) X(flow rate)] of 0.001 ML/sec was easily
achieved. The coverage was determined by counting the
number of 0-containing rows observed in several large-
area STM images.

The spatially resolved electronic structure of the sur-
face was acquired by periodically measuring ( V /I)dI /d V
versus V during a constant-current topography scan.
This method makes it possible to correlate the local den-
sity of states with a particular topographic feature, while
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FIG. 2. Schematic diagram of the added-row model of
Cu(110)-O(2X 1). (a) As 0 atoms bind with diffusion Cu atoms
(indicated by arrow) at 0.25 ML, they form an added row along
(001). (b) At saturation coverage this model is identical to the
missing-row one. A line is drawn to indicate registry, as in Fig.
4

Three structural models have been proposed for the
Cu(110)-0(2X 1) surface: added, missing, and buckled
rows. In the recently proposed added-row model' (Fig.
2), a Cu terrace is regarded as a lattice-gas system and a
step edge is considered as a two-dimensional (2D) fluid-
gas interface. Extra Cu atoms (on top of the first layer),
with a high room-temperature diffusivity, ' ' move along
the (1TO) direction and become bound to diffusing 0
atoms to form a row along (001), as shown in Fig. 2(a)
with the 0 in the preferred long-bridge site (B') of the
added row. An 0 atom weakly bound at the asymmetric
bridge site (B) at the end of the added row will have its
chemisorption energy lowered by a Cu atom binding to
the site labeled A. The long-bridge site in the added row
is preferable to that on the first layer; the added Cu atoms
(the first-nearest neighbor for 0) bond more stably,
perhaps by a small vertical displacement. A STM image
of the Cu-0 added row would appear as a protrusion due
to the increase of charge density. In the missing-row
model (Fig. 3), as 0 atoms are chemisorbed at the long-
bridge sites of the first layer, Cu atoms in the adjacent
(001) rows [e.g. , sites C, C', D, and D', in Fig. 3(a)] must
diffuse away along (001). A STM image would show
troughs (decrease in charge density) near adsorption sites.
In the buckled-row model the chemisorbed 0 causes al-
ternate Cu ( 001 ) rows to buckle outward, Unlike the
missing- and added-row models, no mass transport of Cu
atoms is required.

The surface structures of the added- and missing-row
models are identical at saturation coverage (0.5 ML), as
shown in Figs. 2(b) and 3(b). They are, however, quite
different at partial coverages [Figs. 2(a) and 3(a)]. There-
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(a} 025 ML

001 001

(b) 0.5 ML
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fore, in order to determine the correct structure model
for Cu(110)-O(2X1), atomic-resolution STM images tak-
en at various coverages are needed. The low-coverage
(0.05 ML) scan shown in Fig. 4 is useful in determining
both the registry and height of the 0-induced rows with
respect to the substrate. The image reveals the
-0.03—A corrugation of the bare (110) rows of the un-

FIG. 3. Schematic diagram of the missing-row model of
Cu(110)-O(2X 1); (a) as three 0 atoms adsorb at 0.25 ML, four
Cu atoms diffuse away from the area as indicated by arrows,
and (b) at saturation coverage.

reconstructed level as well as the bright lines of spots in-
dicating the 0-induced (001) rows. The spots are in ex-
act alignment with the underlying (110) rows. Using
the Cu terrace steps (1.28 A) for calibration, the 0-
induced rows appear to protrude vertically by 0.8+0.2 A
from the bulk position. (The variation in the measured
vertical height with gap voltage is reflected in the uncer-
tainty of 0.2 A. The 0.8-A protrusion is discussed further
below. )

Observation of the growth of the 0-induced rows, with
increasing 0 exposure, provides further information for
use in choosing the correct structural model. With in-

creasing 0 coverage, isolated rows on terracces grow
along (001). The rows form more readily on small ter-
races than on large ones, implying that their growth was
limited by diffusion of Cu atoms from step edges. The
buckled-row model is thus eliminated, since it does not
require mass transport and would therefore not have a
diffusion-limited growth character. If the missing-row
model were the correct description, missing rows would
be observed next to 0 chemisorption sites. This was not
observed in Fig. 4 or in any other images, ruling out this
model. Therefore, the added-row model is the correct
structural description, and the bright spots in the 0-
induced row of Fig. 4 represent 0 atoms in the added row
as shown by the solid line in Fig. 2(a).

With —10 L of 0 exposure, a (2X1) structure was
formed on most of the surface. Figure 5 shows STM im-

ages taken at gap voltages of —1 and +1 V. Bright spots
show a 5. 1X3.6-A unit cell, forming a (2X1) recon-
struction. The resolution of the STM images at the tun-
neling voltage of —1 V is better than at + 1 V, indicating
that both geometric and electronic structure influence the
STM images. Measured corrugation (vertical height be-
tween sites P and g) of the bright spots was found to de-
pend strongly on the tunneling-tip size. The measured
0.8-A apparent protrusion of the added row above the
substrate therefore cannot be taken literally as the actual

0 2FIG. 4. 35X26-A gray-scale image at 1 V. Two solid lines
are drawn to indicate the registry of the 0 atom with underlying
Cu atoms. Spectra taken at sites A, B, and C are shown in Fig.
6.

FIG. 5. 29 X 15.5-A gray-scale images of a Cu(110)-O(2 X 1)
surface at (a) —1 V and (b) 2 V. (2 X 1) unit cells are marked.
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FIG. 6. Normalized tunneling conductance at sites A {solid
line), B (dashed line), and C (dotted-dashed line) of Fig. 4.

0 P ~FIG. 7. 120X 90-A image at + 1 V. The 0 row appears as a
trough due to the 0-chemisorbed W tip.
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FIG. 8. 600 X480-A images at —1 V on (a) clean surface, and at (b) 0.02 ML, (c) 0.06 ML, (d), 0.09 ML, (e) 0.17 ML, (f) 0.20 ML,

(g) 0.30 ML, and (h) 0.40 ML coverage. Patches are indicated by small arrows. Large arrows in (e)—(g) indicate the same patch
growth with increasing 0 coverage.
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FIG. 8. (Continued).

FIG. 9. 240 X 190-A images at 0.2 ML O. Protrusions along ( 110) are shown by arrows.
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vertical height of the 0 atoms above the underlying Cu
plane. Previous measurements by other techniques give
conQicting values for the height. A SEXAFS measure-
ment' suggests that the 0 is situated 0.35 A above the
long-bridge site of the added row, while glancing-angle
x-ray-scattering results' indicate that the 0 is buried
0.34 A below the long bridge, with 0.37 A outward dis-
placement of the added row. Considering the first- and
second-nearest neighbors, the long-bridge site on the add-
ed row is equivalent to that on the first layer, so there
must be another reason for the preferred, chemisorption
of the 0 atom on the added row. A recent theoretical
study suggested that the 0 2p state hybridizes more
strongly with Cu d states on metal atoms with a low met-
al coordination number. Therefore, the long-bridge sites
on the added row are energetically more favorable than
that on the first layer for 0 chemisorption. The study
also indicated that 0 is buried slightly below the long-
bridge sites of the added row.

Scanning-tunneling-spectroscopy (STS) measurements
were made at different sites on the surface in order to
confirm the presence and position of the adsorbed 0 on
the added rows. Figure 6 presents ( V/I)dI/d V curves at
three sites indicated in Fig. 4: on the unperturbed site A;
above the adsorbed 0 atom, site B, and at the first-
nearest-neighbor Cu atom, site C. Didio et al. and
Courths et al. have reported that the electron state
density from 1 to 2 eV below EF increases due to the
presence of Cu—0 antibonding states along the ( 001 )
chain, while the Cu 3d states around —2.5 eV decrease
upon 0 chemisorption. The higher state density below
—1 eV in the curves at B and C confirms the previously
proposed 0 chemisorption site and antibonding states.
Since antibonding states have nodal structures in rea1
space, the measured charge density on the nodes would
be lower than that on the other area. As shown in Fig. 5,
the better resolution was obtained at a gap voltage of —1

V rather than +2 V. Photoemission and inverse-
photoemission data have located surface states in the s-p
band gap from Y to I . ' STS measures the local densi-
ty of states summed over k vectors with varying weight-
ing factors due to different decay lengths at various k. If
the states are dispersive like image states, the width of
the state in the tunneling spectrum can be a measure of
the dispersion. In the curve at A, the peaks centered at
-0.8 and —1.8 eV of width —1.0 eV agree with the

dispersion of the Shockley states calculated by Chen and
Smith. The surface states are smaller in curves at B and
C, but the shift of the peaks is less than in the results re-
ported from inverse photoemission.

In a recent study of 0 chemisorption on Al(111), it
was reported that the measured STM images of sample
empty states of 0 atoms changed from protrusions to
holes as the gap voltage was changed. We were able to
observe such dependence only when the tunneling tip was
apparently contaminated by 0 adsorption. Figure 7
shows 0-induced rows which appear as troughs instead
of protrusions. Tunneling spectroscopy in this case
showed a large energy gap (larger than 1.5 eV). After the
tip was cleaned by field emission (tunneling current & 100
nA), the images of troughs changed to protrusions at tip

voltages fmm —3 to +3 V, and the gap in STS was not
observed.

IV. GROWTH KINETICS
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FIG. 10. 0 coverage as a function of 0 exposure time on sur-
faces with average step widths of 150 A {solid circle) and 50 A
{open circle).

In order to understand the dynamics of the chemisorp-
tion process, tunneling images were taken at various cov-
erages up to 0.5 ML. Figures 8(a)—8(h) show STM im-

ages of the same area on a clean Cu(110) surface and in-

creasing coverage of 0 up to 0.4 ML. The time interval
between consecutive images varied from 2 to 10 mins, so
adjustment of the x-y position was often necessary to
compensate for thermal drift. On a clean surface in Fig.
8(a) the step edges appeared to be unusually rough com-
pared to those on other metal surfaces. ' As discussed
in the preceding section, step edges can be treated as a
Quid-gas interface in a lattice-gas model. ' In this model
the concentration of diffusing Cu atoms is determined by
the evaporation energy ( IV, ) from the step edge onto a
terrace; n,d =noexp( —IV, /kT), where n, d is the concen-
tration of extra adsorbed Cu atoms diffusing on the ter-
race and no is the prefactor which includes an entropy
term. The equilibrium among step edges, terraces, and
vacuum is the result of two separate processes: (i)
diffusion of extra Cu atoms from and toward the steps
and exchange with them, and (ii) diffusion of Cu atoms in
the edge of the steps toward kinks and exchange with
them. Cu atoms are known to diffuse more rapidly along
(110) than along (001).' Since most observed steps
are close to the (001) direction in Fig. 8(a), process (i)
takes place more easily than process (ii), resulting in the
roughness of the step edges. Images of various-sized
areas showed the same mean displacements in the edge,
confirming that the raggedness of the edges was a real
effect and not due to scanning noise. When 0-induced
rows formed on a terrace, they acted as a diffusion barrier
to extra Cu atoms because they are aligned along (001),
so the diffusion coefficient along ( 110) is reduced. When
part of a step edge was terminated by an 0-induced row,
diffusion of Cu atoms from and toward that area was re-
duced. In Fig. 8(d), the step edges that are terminated by
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0-induced rows are perfectly straight while those without
them remain rough.

Figure 8(b) shows an image taken at 0.025 ML 0 cov-
erage. Isolated 0-induced rows & 2S A long began to ap-
pear on Cu terraces, but not near step edges. When con-

secutive STM images were taken of this area at the same
coverage, rows shorter than that length seemed to
coalesce or break apart (shown by arrow). That length,
therefore, seems to be critical for homogeneous growth.
While most 0-induced rows followed the homogeneous

0
FIG. 11. 120X90-A images at (a) —1 V and (b) 2 V. The atoms indicated by arrows disappear at —1 V.
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FIG. 12. Constraint used in the computer simulation (see

text).

nucleation mechanism, some rows seemed to nucleate
and grow around defects. The change of the step edges
due to 0 adsorption (advance of steps or change of kinks)
could be observed with additional 0 exposure. However,
the shapes of some step edges changed with time even
without introducing more 0, indicating that the gain or
loss of atoms at step edges is not due to 0 adsorption
alone. As the coverage increased, the isolated 0-induced
rows grew along (001), some up to several hundred A
long. At low coverages, they remained separated,
without forming (2 X 1) islands. The distances between
rows corresponded to 3X1, 4X1, 5X1,. . . . Since the
coherence length for LEED is longer than this local or-

dering, surfaces such as those shown in Figs. 8(c) and 8(d)
cannot show the corresponding long-range order, but
streaks along ( 110) at low coverage have been previous-
ly reported.

As the coverage reached about 0.2 ML [Figs. 8(e), 8(f),
and 9], protrusions along (110) began to appear perpen-
dicular to the 0-induced rows, like rungs in a ladder
(shown by arrows). STS on top of these protrusions was
very similar to that on clean Cu(110), indicating that they
were (110) rows in the first layer below the added rows
that had buckled outward to relieve strain. These "strain
lines" were separated by na&oo», where n is an integer,
with an average height of -0.1 A. The clean Cu(110)
surface is known to have mutilayer relaxation with a
first-layer contraction of -0.1 A. ' When the separa-
tion between two 0-induced rows was larger than 5a&»o&,
the strain lines did not appear. The displacement appears
to be the same magnitude as the contraction of the first
layer on a clean surface, indicating that the first-layer
contraction is undone at this coverage.

At -0.3 ML, rectangular patches of missing first-layer
Cu atoms began to appear. They increased in size very
slowly with additional 0 exposure. They were also
bounded on two sides by the 0-induced rows, attesting to
the barrier the reconstruction provides for removal of
more Cu atoms. Oxygen atoms require added Cu to sta-
bilize their position. If Cu atoms are not available from
step edges on a large terrace or step edges are terminated
by 0-induced rows, Cu atoms are apparently supplied
from these patches, though much more slowly than from
step edges at low coverage. Figure 10 shows the depen-

&1100

0 ~
~ I » ~

~ I ~r' ~ '
~ ~

~
~

~
~

~ ~~ ~

L,
~ ~

~ r
V ~ ~

~ ~ ~
~ ~

I I ~ ~ ~

~ ~~ ~

~ ~
~ r I

~ ~ (r ~

~ I

~ I I

~ ~ ~ ~ I
~ ~

~ ~ ~

~ $ ~ ~

~ ~
~

~
I

~ ~

~ ~

~ ~
~ ~

~ ~
r ~ ~ Q

~ ~

~
'4 I ~

~ ~
~ 0

~ ~
~ ~

~ ~
0 ~

~ ~

~ ~

~ ~ ~1 i ~ 'i ~

~ ~ ~

~ I ~

's
~ ~ ~

' ~ 'ls ~
~ 0

~ ~

~ + ~ ~ ~ r ~~ ~

~ ~

~ ~j ~r
~ ~

~ ~
~ ~I

~ ~

~ 0

~ ~

~ ~

(001)
~ ~ ~ ~~ ~

INL = 0.05

1.000E+000

I 'I
~ I 'I

I

~g I 5 ~

C
' r ~ I

I I I.
~ 0 I ~

'I

I ~ ~ ~ ~

~
'I r I ~

I ~

~ l I

I

C

1

~ ~

4 ~ r'

~ Jl ~

r I
~ I' ~ ) ~ I
~

~

% I

C

II
I

r
~ I ~ ~ r

~ ~

.~, CI
III ~ ~ r

P rI ~

) r ~ ~ p
0

~ g ~ II {
I

'
~.~ I

INL = 0.05

1.000E+ 001

I.

(
I

J I ~

) ~

')
~ ~ I

( I

I:(

l
~ )'

I& I

I

I

iIi
I

~ ~ (
I

INL = 0.05

1.000E + 002

( ),, ''l 'I
'I

I

INL = 0.05

1.000E+ 003

FIG. 13. Simulated images of added rows at 0.05 ML, after four di6'erent elapsed times.



41 0 CHEMISORPTION ON Cu(110) BY SCANNING TUNNELING. . . 12 401

dence of measured 0 coverage on the 0 exposure time.
(The same fiow rate was used for all coverages. ) The
slope is proportional to the 0 sticking coefficient. The
solid circles indicate the data of 0 adsorption on terraces
with an average width of —150 A, and the open circles
those terraces with average width of -SO A. The depen-
dence of the sticking probability on the coverage does not
follow simple Langmuir kinetics. The initial sticking
coefficient is higher on a surface with high step density,
again proving that step edges serve as sources of the
diffusing Cu atoms. The sticking coefficient decreases at
an 0 coverage of 0.2—0.3 ML on surfaces both with small
and large terraces. At this coverage added rows are
abundant and act as diffusion barriers. Without added
Cu atoms, adsorbed oxygen cannot be stabilized, so the
sticking coefficient decreases. Oxygen atoms adsorb more
slowly by forming added rows with the Cu atoms from
the patches. The asymptotic value for 0 coverage on
large terraces is less than 0.5 ML, as shown in Fig. 10.
When the primary adsorption sites are no longer avail-
able for 0 due to unavailability of extra Cu atoms, secon-
dary adsorption sites began to appear in STM images
(Fig. 11). The atomic images of these sites were strong-
ly voltage dependent. Tunneling spectroscopy showed
characteristic peaks at —+2.0, —1.0, and —2.0 eV,
different from those on the primary adsorption sites.

In order to better understand the growth observations,
a Monte Carlo simulation was performed. A lattice-gas
model is assumed in which the number of added Cu
atoms determines the coverage and the number of 0
atoms is determined. The displacement for each time in-
terval is adjusted by varying the diffusion constant. Since
details of the dissociation of 02 molecules and the
diffusion of 0 atoms are not yet known (no precursor
state has been observed), 0 atoms are assumed to diffuse
much faster than the Cu atoms when they are not bound
to a Cu-0 chain. However, once an 0 atom is attached
to an added Cu-0 chain, its probability to diffuse away
from the Cu-0 pair is assumed to be low. 0 atoms are al-
lowed to be situated on top of the short-bridge sites of the
first layer (equivalent to the long-bridge sites in the added
row), while Cu atoms occupy fourfold-hollow sites, by the
proposed structural model. A constraint for the simula-
tion is illustrated in Fig. 12. As a Cu added atom is
bound to two 0 atoms, site 1 is more favorable for an ad-
ditional added Cu atom than any other site, as described
earlier. Site 2 is the least favorable since the O-O dis-
tance is too small (2.55 A) if two neighboring Cu-0
chains are formed. It was found from the simulation that
this is the only constraint required to produce anisotropic
growth in equilibrium. It is known that the adatom sur-
face diffusion is anisotropic on Cu(110) (D»o &Dao, ), '

but the ratio of the anisotropy does not influence the
equilibrium structure. Diffusion anisotropy results in an-
isotropic growth only in a diffusion-limited process. Fig-
ure 13 shows the simulated Cu-added-atom movement as
a function of time, using the diffusion constant of Ag on
Cu(110) for self-diffusion. ' After 1 msec, the simulated
images resemble the STM image [Fig. 8(c)]. (The resem-
blance is better after 1 sec.} The best fits of various pa-
rameters were determined from visual comparison of the
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FIG. 14. Simulated images of added rows at six different cov-
erages.

V. CONCLUSION

Cu atoms on the Cu(110) surface diffuse rapidly even at
room temperature, and are stabilized with dissociated 0
atoms, forming added Cu-0 atomic rows preferentia11y
along (001). Once the rows reach a critical length, they
grow further; at shorter lengths they break apart. The
added-row model, a newly proposed structural model, is
equivalent to the missing-row model at saturation cover-
age (0.5 ML). Therefore, this model supports most previ-
ously reported results at 0.5 ML obtained by other tech-
niques. The coverage dependence of the 0 sticking
coefficient and of the STM images implies a diffusion-

simulated result to the corresponding STM images.
However, the following conclusion is derived from wide
variation of the parameters. The 1D Cu-0 chain growth
is obtained due to the anisotropic interaction. In Figs.
8(b) —8(d), homogeneous nucleation with a critical nu-
cleation length was observed. The critical length is deter-
mined by the difference in the desorption energies of Cu
atoms from the end and from the middle of the Cu-0
chain. From the simulation, it was found that -0.14 eV
is required to remove a Cu atom from the end of the Cu-
0 chain, while -0.16 eV is needed from the middle of
the chain at room temperature. The results at various 0
coverages are shown in Fig. 14. At low coverage the
growth is mainly governed by the formation energy of the
Cu-0 chain. With increasing coverage, the Cu-0 chains
act as a diffuion barrier of added Cu atoms, resulting in
diffusion-limited growth.
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limited process as the added row acts as a dift'usion bar-
rier. A second adsorption site begins to appear on large
terraces at 0.4 ML. Scanning tunneling microscopy and
spectroscopy has been used to resolve successfully both
the structure and growth mode of a surface.
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