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Surface  steps  are  typically  assumed  as  a source  of adatoms  for  oxygen-chemisorption  induced  surface
reconstruction,  but few  microscopic  observations  have  been  made  in  the  vicinity  of  steps  on  reconstruc-
vailable online 27 August 2014
ting  surfaces.  Using  in situ scanning  tunneling  microscopy,  we  provide  direct  evidence  that  surface  steps
are  the  source  of Cu  adatoms  for  the  Cu(1  1 0) (2 ×  1)-O restructuring.  Using  density  functional  theory,
we  show  that  the  role of  oxygen  is to stabilize  Cu  adatoms  detached  from  step  edges  via the  barrier-less
formation  of Cu  O  dimers  on terraces.  Incorporating  this  atomic  process  of  capturing  Cu  adatoms  into
kinetic  Monte  Carlo  simulations  reproduces  the  experimentally  observed  (2 × 1)-O  reconstruction.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The exposure of a number of metallic surfaces including Cu,
g and Ni to oxygen usually results in oxidation of the metal

nitiated by several progressive stages of phase transitions start-
ng from oxygen chemisorption induced surface reconstruction to
he nucleation and growth of surface oxide and then to the lat-
ral spreading of the oxide. The process of oxygen-chemisorption
nduced restructuring of metal surfaces has received much atten-
ion. This interest stems from the critical role of chemisorbed
xygen in many technologically important processes including
igh-temperature corrosion, heterogeneous catalysis, surface pas-
ivation, and fuel reactions, in which oxygen chemisorption is a
rerequisite to initiate the surface reactions [1].

Oxygen chemisorption on Cu(1 1 0) is a model system which
as been studied extensively [2–17]. Molecular oxygen is known
o dissociatively chemisorb on Cu(1 1 0) and results in a (2 × 1)
added-row” structure, in which the oxygen adatoms reside pref-
rentially in the long-bridge (LB) sites of every other [0 0 1] rows
f the Cu lattice [3–5,18–21]. The nucleation and growth of the
2 × 1) reconstruction have been assumed to occur via the fol-

owing two steps [20–22]: (i) Cu atoms detach from step edges
nd diffuse out on the terraces, (ii) interaction of diffusing Cu
datoms with oxygen atoms impinging from the gas phase results

∗ Corresponding author.
E-mail addresses: gzhou@binghamton.edu, zhougw@yahoo.com (G. Zhou).

ttp://dx.doi.org/10.1016/j.cplett.2014.08.050
009-2614/© 2014 Elsevier B.V. All rights reserved.
in the anisotropic growth on the terraces of Cu O added rows
aligned parallel to the [0 0 1] direction of the Cu substrate. In
this oxygen-chemisorption induced surface reconstructing process,
surface steps are assumed to serve as a reservoir of Cu adatoms, and
detachment of Cu atoms from the surface steps is considered as the
rate-limiting step for the growth of Cu O added rows [20–22].
It is noted that diffusion of oxygen can become a rate limiting
factor for the oxide nucleation and growth following the oxygen
chemisorption induced surface restructuring [23,24]. For the oxida-
tion of other metallic surfaces such as Ru(0 0 0 1), it has been shown
that oxide forms preferentially at step edges without a reconstruc-
tion of the metal surface, for which the supply of step-edge atoms
is not the rate-limiting factor [25,26].

In spite of the wide acceptance of the aforementioned mech-
anism for the oxygen chemisorption induced Cu(1 1 0) (2 × 1)
reconstruction, surprisingly, the microscopic observations of sur-
face steps as the source of Cu adatoms via step-edge detachment are
still quite few. The edges of Cu(1 1 0) terraces were observed previ-
ously by scanning tunneling microscopy (STM) to become ragged
upon oxygen exposure, which is attributed to the step-edge detach-
ment of Cu adatoms for the growth of Cu O added rows [20,21].
However, the previous study does not capture the nucleation and
early-stage growth of (2 × 1) islands and thus does not provide clear
evidence that Cu step-edge detachment is required for the oxy-

gen chemisorption induced (2 × 1) restructuring. Particularly, the
microscopic mechanism of how the chemisorbed oxygen influences
the step-edge detachment of Cu atoms is not clearly established. In
the work presented here, we  utilize STM to visualize the dynamic
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volution of a stepped Cu(1 1 0) surface during the initial stages of
xygen chemisorption. With use of in situ STM imaging to follow
he nucleation and growth of Cu O added rows with the coor-
inated retraction of surface steps of the Cu(1 1 0) substrate, we
rovide clear evidence that the oxygen chemisorption-induced
2 × 1) restructuring requires step-edge detachment of Cu adatoms.
sing density-functional theory (DFT) and Kinetic Monte Carlo

KMC) simulations, we show that the major role of adsorbed oxy-
en is to capture diffusing Cu adatoms detached from step edges to
orm Cu O compounds, thereby stabilizing detached Cu atoms
n the terrace.

. Experimental and computational methods

The STM experiments were performed by an ultrahigh vacuum
UHV) variable-temperature STM (Omicron VT-STM XA) with a
ase pressure of ∼1 × 10−11 Torr. An electrochemically etched poly-
rystalline tungsten wire was used for the STM tip, which was
ashed (1 kV and 2 mA)  several times to evaporate adsorbates and
ative oxides. The Cu(1 1 0) single crystal is a ‘top-hat’ disk (1 mm
hick and 8 mm in diameter), purchased from Princeton Scientific
orp., cut to within 0.1◦ to the (1 1 0) crystallographic orientation
nd polished to a mirror finish. The crystal was cleaned by repeated
ycles of Ar+ sputtering at room temperature (5 × 10−5 Torr of Ar+,

 �A cm−2, 1.0 keV) followed by annealing at 600 ◦C for 10 min.
leanliness of the Cu(1 1 0) surface was checked by STM imag-

ng at room temperature prior to oxygen gas dosing. Oxygen
as (purity = 99.9999%) was introduced to the system through

 variable-pressure leak valve at the oxygen pressure (pO2) of
 × 10−10 Torr. All the STM images were acquired at room temper-
ture in constant-current mode with a bias on the sample.

The DFT calculations were performed using the Vienna ab initio

imulation package (VASP) [27–30] with the PW91 generalized gra-
ient approximation [31]. The projector augmented wave poten-
ials [32] were chosen and the planewave cutoff energy was set to
e 380 eV. The stepped Cu surfaces were modeled as periodic slabs

igure 1. Consecutive topographic STM images of the Cu(1 1 0) surface showing the retr
a)  the surface prior to oxygen exposure, (b) after 0.1 L oxygen exposure, (c) after 0.2 L ox
rrows shown on the upper-left corner mark the position of the step, which reveal that t
erraces. The tunneling conditions for the STM imaging are IT = 0.5–0.8 nA and VB = 1.5–2 V
tters 613 (2014) 64–69 65

consisting of two  five-atom-row wide (1 1 0) terraces separated by
a monatomic-height (1 0 0) step. The Cu slab contained 8 (1 1 0)
layers with 168 atoms, and the bottom 3 layers were fixed through-
out the structural relaxation. Successive slabs were separated by a
vacuum region of 12 Å in the direction normal to (1 1 0) surface.
The Brillouin zone was sampled using a 4 × 2 × 1 Monkhorst–Pack
mesh [33]. Electron smearing was carried out following the
Methfessel–Paxton technique [34] with a Gaussian width of
0.2 eV. The structural optimization was  terminated when all force
components acting on the unconstrained atoms are less than
0.015 eV/Å. Various tests were performed to ensure that our com-
putational framework such as k-grid convergence, vacuum size,
and planewave cutoff yield reliable results [8,9]. We  used the climb-
ing image nudged elastic band (NEB) method [35] to determine the
diffusion pathways and energy barriers. The surface adatoms hop-
ping barriers used in the KMC  simulations were obtained from our
DFT calculations. The adsorption energy of oxygen is defined as

Eads
O = 1

NO

(
Etot

O/Cu − Eref − NO

2
EO2

)

where Etot
O/Cu is the total energy of the Cu O system, Eref is the

energy of the structure before adsorbing oxygen, EO2 is the energy
of an isolated oxygen molecule, and NO is the number of adsorbed
oxygen adatoms.

3. Results and discussion

Fig. 1 shows a series of consecutive STM images of the Cu(1 1 0)
surface with increasing oxygen exposure. As seen from Fig. 1(a), a
screw dislocation intersects the Cu(1 1 0) surface, which results in
the presence of a monoatomic-height (∼1.30 Å) surface step ori-

ented along the [0 0 1] direction. As a result, the surface exhibits
two terraces separated by a monoatomic step. Before oxygen dos-
ing, the surface step shows some thermal fluctuations but these
do not induce any movements on the time scale (18 min) required

action of a surface step with oxygen exposure at pO2 = 1 × 10−10 Torr and T = 25 ◦C:
ygen exposure, (d) after 0.3 L oxygen exposure, (e) after 0.4 L oxygen exposure. The
he step retracts by ∼15 nm as the Cu O added rows nucleate and grow on the
.
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Figure 2. (a) The morphology of the DFT simulation cell of the clean stepped
Cu(1 1 0) surface. (b) The minimum energy reaction path for the step-edge Cu
detachment, where the initial, saddle-point, and final configurations are shown.
Blue balls represent the Cu atoms at the upper terrace, and gray balls represent the
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Figure 3. The minimum energy reaction path for the step-edge Cu detachment
when an oxygen adatom is adsorbed directly onto step-edge Cu atoms and in the
immediate vicinity of the step edge on the lower terrace, where the initial, saddle-
point, and final configurations are shown. Blue, gray and red balls represent Cu
atoms at the upper terrace, underlying Cu atoms and oxygen atoms, respectively.
nderlying Cu atoms. (For interpretation of the references to color in this legend,
he  reader is referred to the web  version of the Letter.)

or a tunnel image, suggesting that the surface step is quite stable
nder the vacuum condition. Fig. 1(b–e) show the surface morphol-
gy evolution during the oxygen exposure at p(O2) = 1 × 10−10 Torr
n the time span of 68 min  while performing tunneling images
t room temperature. Consecutive images were taken at a time
nterval of 17 min. One can see that Cu O rows nucleate and
row on the upper and lower terraces upon the oxygen exposure.
ith increasing oxygen coverage, these Cu O rows form stripe-

haped domains of the (2 × 1) O reconstruction that are aligned
arallel to the surface step. Using the step edge location as a marker

ndicated by the arrows in Fig. 1(a–e), one can see that the surface
tep undergoes retraction from its original position with increasing
xygen coverage, which demonstrates rather nicely that Cu atoms
re removed from the step edge to supply the growth of Cu O
dded rows. It is noted that the initially straight step becomes cor-
ugated. Meanwhile, the surface terraces remain flat during the
xygen exposure, indicating that the nucleation and growth of the
Cu O added rows under the low oxygen exposure does not

nvolve extraction of Cu adatoms from terraces.
The in situ STM imaging of the early stages of the oxygen-

hemisorption induced Cu(1 1 0) (2 × 1) restructuring directly
eads to a mechanistic understanding of the oxidation process. The
tep undergoes significant retraction and becomes faceted from the
nitially rather straight step to mutually perpendicular segments

ith the nucleation and growth of Cu O chains on the terrace
egion. From the observed surface step retraction, it can be inferred
hat the individual Cu adatoms are highly mobile at room temper-
ture and the atomic process of the oxygen chemisorption induced
tep-edge removal of Cu atoms cannot be directly resolved experi-
entally owing to the limited temporal resolution of STM imaging.

e thus use DFT calculations to address how chemisorbed oxygen

acilitates Cu step-edge detachment. The structure of the surface
tep in the simulation cell is shown in Fig. 2(a).
(For interpretation of the references to color in this legend, the reader is referred to
the web  version of the Letter.)

We  first calculate the energy barrier for Cu atom detachment
from the step edge for a clean surface and obtain the value of
0.53 eV. As shown in Fig. 2(b), the detached Cu atom resides in the LB
site of the substrate in the saddle-point geometry, which is roughly
the center of the transition path. Reversely, the barrier for a Cu atom
to re-attach to the step edge is 0.25 eV (Fig. 2(b)). According to the
transition state theory (TST) [36], the reaction rate can be calcu-
lated as k = v0 exp(−E/KBT), where v0 is the attempt frequency, E
is the activation energy for detachment/re-attachment, KB is Boltz-
mann constant and T is the temperature. For a temperature range
of 300–450 K, it can be shown that the rate for re-attachment of
Cu atoms to the step edge is 3–4 orders of magnitude higher than
that of detachment by using the obtained activation energy barri-
ers, 0.53 eV vs. 0.25 eV. Here for simplicity we assumed that the two
processes have the same attempt frequency v0. This suggests that
Cu atoms can easily re-attach to the step edge once it is dislodged.
Therefore the stepped structure is stable against dissociation for
the clean surface.

We  then examine Cu detachment from the step edge in the pres-
ence of O. It has been shown that the [0 0 1] oriented Cu O
chains are very stable structures owing to the strong attractive
interactions between Cu and O atoms [37]. We  thus calculate the
energy barrier for the formation of a [0 0 1] oriented Cu O dimer,
which serves as the nucleation seed for the (2 × 1) O reconstruc-
tion. Oxygen atoms can be adsorbed at different locations in the
vicinity of the step edge. Fig. 3 shows the energy profile of dimer
formation process when an O atom is directly bonded to the step-
edge Cu atoms, in which five intermediate images are added in
between the initial and final configurations. Note that the system
total energy drops marginally from Image 2 to Image 3 by 0.04 eV,
which does not affect the calculation of overall reaction barrier.
The adsorption energy of the O atom is calculated as −1.60 eV. The
step-edge Cu atom bonded to the O atom detaches and diffuses to its
adjacent hollow (H) site on the lower terrace to form a Cu O dimer.
The activation barrier for this oxygen-assisted Cu detachment is cal-
culated as 0.28 eV, which is much smaller than the barrier for Cu
detachment on the clean surface (0.53 eV). The detached Cu atom
is at the LB site of the substrate in the saddle-point geometry, same
as the case when O is absent. Cu re-attachment to the step is also
likely to occur by overcoming an energy barrier of 0.30 eV.

O atoms can also be adsorbed on the lower terrace without being

bonded to the step-edge Cu atoms. The most stable O adsorption
site on flat Cu(1 1 0) terrace at low coverage is determined to be the
pseudo threefold shifted-hollow (ShH) site, which is in agreement
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Figure 4. The detachment of step-edge Cu atom when an O atom is adsorbed on the lower terrace and the formation of the two possible Cu O dimer structures. The initial
position of the O atom is one [1 1̄ 0] spacing far away from the step edge compared with that in Fig. 3. (a) Reaction A → B depicts the step-edge detachment of a Cu atom, and
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he  paths B → C and B → D depict the formation of [0 0 1] oriented Cu O dimers. (b
ray  and red balls represent Cu atoms at the upper terrace, underlying Cu atoms an
he  reader is referred to the web version of the Letter.)

ith the previous theoretical studies [37,38]. We  then investigate
he effect of chemisorbed oxygen on the Cu step-edge detachment
hen O atom is on the lower terrace. An O adatom is placed at

he ShH site in the immediate vicinity of the step edge as shown
n Fig. 3, and the adsorption energy is calculated as −1.51 eV. The
imer formation process shown in Fig. 3 strikingly resembles the
ase where O is bonded to Cu atoms belonging to step edge: the
nergy barrier for Cu detachment is 0.20 eV, whereas the barrier
or the reverse process is 0.30 eV, and the detached Cu atom also
esides the LB site of the substrate in the saddle-point geometry.
hese calculations indicate that Cu detachment becomes much eas-
er when the O adatom is adsorbed in the immediate vicinity of the
tep edge, either directly bonded to the step-edge Cu atoms or on
he lower terrace adjacent to the step edge, however, in both cases
he detached Cu atoms are highly possible to re-attach to the step
dge by breaking the Cu O bonds due to the low activation energy.

Considering that O adatoms can be adsorbed at various ShH
ites on the lower terraces, we then place the adsorbed oxygen
datom at an ShH site which is one more [1 1̄ 0] spacing away from
he step edge, and let the step-edge Cu atom detach and diffuse
o its adjacent H site, as illustrated by configurations A and B in
ig. 4(a). The O adsorption energy of configuration A is −1.67 eV,
hich is marginally lower than the initial configurations shown in

ig. 3, suggesting that the ShH site in configuration A is slightly
ore favorable for O adsorption. The result of the NEB calculation
f the Cu detachment process is shown in Fig. 4(b). The energy
arrier for the Cu step-edge detachment (process A–B) is calcu-

ated to be 0.56 eV. Compared with the energy barrier of 0.53 eV
or Cu detachment from the step edge on a clean surface, it is quite
 corresponding NEB energy plot for the Cu detachment and dimer formation. Blue,
en atoms, respectively. (For interpretation of the references to color in this legend,

counterintuitive that the presence of chemisorbed O adjacent to the
surface step does not make the Cu step-edge detachment easier, but
rather renders it slightly more difficult to break the Cu Cu bonds
at the step edge. Furthermore, by comparing the total energies of
configurations A and B, it is found that the total system energy is
increased by about 0.30 eV after the Cu atom is detached from the
step edge. This suggests that configuration B is not energetically as
favorable as configuration A.

There are two  possible dimer structures resulting from structure
B, which are depicted as structures C (same as the final configura-
tion in Fig. 3) and D shown in Fig. 4(a). The positions of Dimer1
and Dimer2 differ by one [1 1̄ 0] spacing. The obtained energy bar-
riers for the formation of the two dimer structures are shown in
Fig. 4(b). The formation of Dimer1 can be viewed as oxygen moving
toward the step edge, which needs to overcome an energy barrier of
0.32 eV, while the formation of Dimer2 is essentially caused by the
diffusion of the detached Cu atom away from the step edge, and
the system energy keeps decreasing along the Dimer2 formation
path. This suggests that configuration B is not a stable structure,
and evolves naturally to Dimer2 (configuration D) without experi-
encing any energy barriers. In addition, the reaction barrier for the
transition from configuration D to A is 0.60 eV, which suggests that
once Dimer2 is formed, it becomes unlikely for the detached Cu
atom to re-attach to the step edge. Therefore, the process A → D is
the favored process for the step-edge detachment of Cu atoms. DFT

calculations indicate that the effect of O adatom in this case is not
to make the Cu detachment from the step edge easier compared
to the case in which oxygen is adsorbed adjacent to the step edge.
Instead, the adsorbed O captures free Cu adatoms to form Cu O
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Figure 5. Dynamic morphological evolution of the stepped Cu(1 1 0) surface in KMC  simulations. (a) Morphology of stepped surface, with no oxygen introduced into the
system. (b) Morphology of the surface covered by 0.35 monolayer (ML) oxygen, with the oxygen deposition rate of 0.01 ML per hour Morphology of the surface covered by
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.5  ML oxygen, with the oxygen deposition rate of 0.01 ML  per hour. (d) Morphology
our.  Blue balls represent Cu atoms and smaller red balls represent oxygen adatom
eb  version of the Letter.)

imers parallel to the [0 0 1] direction, which not only brings down
he system energy without the need of overcoming large energy
arriers, but also reduces the concentration of Cu adatoms on the
errace from the equilibrium concentration, thereby resulting in a
et flux of Cu adatoms from the step edge.

With the identified atomic processes as illustrated in Fig. 4 and
he energy barriers obtained from the DFT calculations, we then
se KMC  to simulate the nucleation and growth of Cu O added
ows, in which the Cu step-edge detachment process is incorpo-
ated by using the reaction barriers listed before. The hopping rate
f an adatom is determined by the equation k = v0 exp(−E/KBT),
here E is the activation energy for each hopping event, which

s obtained by DFT calculations. We  choose a universal attempt
requency v0 = 1012 s−1 for each hopping since this value is used
n most of the KMC  simulations on the Cu system [39–41]. As
hown in Fig. 5(a), the simulation starts with a 2D grid partially
overed by Cu atoms to mimic  a stepped Cu(1 1 0) surface with a
onatomic-height step, which serves as the source of Cu adatoms

ia step-edge detachment. Periodic boundary condition is applied
long the [0 0 1] direction, and adatoms are confined on the ter-
ace so that they would not go beyond the 2D grid along the [1 1̄ 0]
irection. Tests with various sizes of simulation grids confirm that
he nonperiodicity of the grid does not affect the simulated surface

orphology. The simulations are carried out on an 85 × 85 grid, and
he upper terrace is constructed by 20 Cu [001] rows, where the Cu
toms are mapped on the grid points whose row and column num-
ers are both even (shown in Fig. 5(a)). It typically takes 104 steps
or the system to reach a stabilized morphology, where one KMC
tep is defined as the interval within which the hopping events of
ll the Cu and O adatoms are considered once. Oxygen adatoms are

ntroduced onto the lower terrace randomly at a constant rate for
ach simulation, and the effect of oxygen desorption is not included.
or simplicity, no oxygen adatoms are deposited onto the upper
e surface covered by 0.5 ML  oxygen, with the oxygen deposition rate of 0.03 ML per
 interpretation of the references to color in this legend, the reader is referred to the

terrace. The simulation time is advanced after each adatom move-
ment, as implemented in traditional KMC  scheme [42,43]. It should
be noted that discrepancies between the KMC simulation time and
real experimental time are often observed [44], and the simulation
time of 104 KMC  steps for the 2D grid used in this work is typically
on the order of 106 s, which far exceeds the experimental time of
about 4000 s.

Fig. 5(b) and (c) shows the dynamic evolution of the stepped
Cu(1 1 0) surface at a deposition rate of 0.01 ML per hour. As shown
in the circled regions in Fig. 5(b), some bundled short Cu O
chains can be observed when the oxygen coverage reaches 0.35 ML
on the lower terrace, which is consistent with the experimental
results that Cu O chains tend to form adjacent to each other
[20,21]. The stable surface structure at a higher oxygen coverage
of 0.5 ML  is presented in Fig. 5(c), in which more Cu O chains
are formed at the lower terrace, and generally the lengths of the
chains are longer than those in Fig. 5(b). Various deposition rates
are tested to study the effect of oxygen flux rate on the surface mor-
phology evolution. It is found that a higher oxygen deposition rate
does not lead to appreciable changes in the stable surface struc-
ture. As shown in Fig. 5(d), when oxygen adatoms are introduced
at the rate of 0.03 ML  per hour, the overall surface morphology at
the 0.5 ML  of oxygen coverage on the lower terrace is similar to
that obtained with the slower oxygen deposition rate (Fig. 5(c)).
It can be noted from the step edge profiles shown in Fig. 5(c) and
(d) that despite the different oxygen deposition rates, the retrac-
tions of the original Cu steps are almost the same. A quantitative
analysis shows that the amounts of detached Cu atoms for the
deposition rates of 0.01 and 0.03 ML  per hour are 48.1% and 46.8%,
respectively. This indicates that the rate of Cu removal from the

step edge and the growth of Cu O chains are independent of O
impingement rate, which corroborates well with the experimental
results [22].
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It is expected that with the abundant supply of Cu and O adatoms
nd sufficient reaction time, the ideal equilibrium surface structure
ith 0.5 ml  oxygen coverage should be a perfect (2 × 1) O recon-

tructed surface [45]. As shown in Fig. 5(c) and (d), the vicinity of
he step edge is covered by long, continuous Cu O added rows.
owever, on the surface area relatively far away from the step, Cu
nd O atoms tend to form shorter Cu O segments. It is worth
oting that the diffusion of Cu O dimers is also considered in our
MC  simulations. Our NEB calculations show that the energy bar-
ier for the diffusion of a Cu O dimer along the [0 0 1] direction of
he Cu(1 1 0) surface is as large as 1.75 eV, whereas the barrier for
he diffusion along [1 1̄ 0] is 0.64 eV. The diffusion processes with
eaction barriers well over 1 eV are typically ignored [46]. There-
ore, the Cu O dimer diffusion along the [1 1̄ 0] direction is included
n our KMC  simulation while the dimer diffusion along the [0 0 1]
irection is ignored. We  have also calculated the energy barriers
or the diffusion of a Cu O Cu trimer along the [0 0 1] and [1 1̄ 0]
irections, which have the values of 2.91 eV and 1.20 eV, respec-
ively. The trimer diffusion is therefore ignored in our KMC  model
ue to the large barriers.

A close examination of the KMC  results as shown in Fig. 5
ndicates that almost all Cu adatoms are bonded to at least one

 adatom, while there are still a large number of un-bonded O
datoms on the terrace. Therefore, the discontinuity of Cu O
hains across the entire terrace is caused by the limited supply
f Cu adatoms. This is because the step is the only source of Cu
datoms and the formation of Cu O chains in the vicinity of the
tep edge can block detached Cu adatoms and Cu O dimers from
iffusing out, which in turn stabilizes the surface step from the step-
dge detachment. Since the Cu supply to the terrace regions away
rom the step edge cannot keep up with the influx of adsorbing O,
here are a large number of discrete and short Cu O segments
s well as un-bonded O atoms on these regions as seen in Fig. 5(c)
nd (d). In reality, however, the flat terrace may  become another
ource of Cu adatoms when the incoming O2 flux far outweighs
he amount of Cu adatoms on the terraces and those from the step
dges. Cu atoms can then be expelled from the terrace and form
Cu O chains on these terrace regions away from the step edge,
hich results in the formation of one-layer deep depressions on

he terrace. Such a process of forming Cu adatoms from the terrace
as observed experimentally [45,47] but is beyond the reach of our
MC  simulations.

. Conclusions

The oxygen chemisorption induced reconstruction of a stepped
u(1 1 0) surface is studied using STM in conjunction of DFT and
MC. It is shown by in situ STM observation that surface steps are

he source of Cu adatoms for the (2 × 1) added-row restructuring.
sing first-principle total energy calculations, we clarify that the O
datoms adsorbed in the immediate vicinity of the surface step can
estabilize step-edge atoms, but the step edge detachment of Cu
toms is more favored by oxygen adsorption away from the step
dge, for which the detached Cu atoms are bonded more strongly
ith adsorbed O to form Cu O added rows. Incorporation of

he identified atomic processes into KMC  simulations reproduces
he experimentally observed nucleation and growth of the Cu(1 1 0)
2 × 1) O added rows. Our KMC  simulations also demonstrate that

he variations in the oxygen impingement rate have no appreciable
hange in the amount of detached Cu adatoms, suggesting that Cu
tep-edge detachment is the rate-limiting step in controlling the
rowth of Cu O rows.
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