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ABSTRACT: Oxygen chemisorption induced surface recon-
structions are widely observed, but the atomic processes
leading to transitions among oxygen chemisorbed phases are
largely unknown. Using ab initio molecular dynamics and
density-functional theory, we study the kinetic process of the
Cu(110)-(2 X 1) = ¢(6 X 2) phase transition upon increasing
oxygen surface coverage. We show that the phase transition
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involves initially Cu—O dimer and Cu—O—Cu trimer formation with a kinetic barrier of ~0.13 eV, followed by a barrierless
process of forming a four Cu—O—Cu—O chains configuration that transitions to the c¢(6 X 2) reconstruction via concerted
movement of three Cu atoms with an associated energy barrier of ~1.41 eV. The larger kinetic barrier is suggested as the origin
of the kinetic hindrance that is inferred from the significant discrepancy between the experimentally observed temperature and
pressure dependent (2 X 1) — ¢(6 X 2) phase transition and the equilibrium thermodynamics prediction.

I. INTRODUCTION

Oxygen chemisorbed layers on metal surfaces display frequently
rather complex structures resulting from interactions of
adsorbed oxygen atoms not just with the substrate but with
each other as well. Such interactions are of particular
importance in many crucial technological processes such as
oxidation, corrosion, and heterogeneous catalysis as well as in
fundamental studies of two-dimensional phase transitions.
Although considerable works studying oxygen chemisorption
exists both experimentally and theoretically, the understanding
of adatom—adatom interactions is still quite limited. The study
of oxygen chemisorption induced phase transformation in an
oxygen chemisorbed layer upon increasing oxygen surface
coverage promises to be an important approach in obtaining a
quantitative understanding of the interactions that adatoms
undergo.

In particular, the oxidation of copper surfaces has been
investigated extensively due to its critical role in a variety of
practical fields, including electronic device fabrication and
chemical catalysis."~> Among the low index copper surfaces, the
O/Cu(110) system is especially interesting because oxygen
chemisorption on Cu(110) induces two distinct reconstruc-
tions preceding the formation of bulk oxide. At the oxygen
coverage of 0.5 monolayer (ML), the Cu(110) surface
reconstructs to a (2 X 1) phase, which is characterized by the
formation of Cu—O—Cu chains growing preferentially alon.
the [001] direction in every other [110]-(1 X 1) spacing.“_1
Upon increasing oxygen surface coverage, the (2 X 1)
reconstruction transits to a ¢(6 X 2) reconstruction with a
saturated oxygen coverage € = 2/3,">'* which contains two
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adjacent [001]-oriented Cu—O—Cu chains in every three
[1T0]-(1 x 1) lattice spacings. These structures have been
supported by different experiments using a variety of
experimental tools.">~>" However, despite receiving consid-
erable attention, an atomic level understanding of the (2 X 1)
— ¢(6 X 2) transition at finite temperature and pressure still
remains elusive.

The reconstruction of a metal surface implies not only a
morphological change but generally also remarkable change in
chemical reactivity. For instance, it was found that the reaction
of methanol on clean Cu(110) and oxygen precovered
Cu(110) is very sensitive to preadsorbed oxygen induced
reconstruction.”” >* This suggests that the identification of the
surface structure under real conditions is a basic step to obtain
insight into the O/Cu(110) system. Recently, using scanning
tunneling microscopy (STM), we monitored the sequential
formation of the (2 X 1) and ¢(6 X 2) reconstructions under
controlled oxygen pressure and temperature. By comparing
with the theoretical phase diagram obtained from ab initio
thermodynamics, we found that the oxygen pressure leading to
the (2 X 1) = ¢(6 X 2) transition observed in experiments is 10
orders of magnitude higher than the theoretical prediction.”®
Such a significant difference is attributed to the effect of kinetic
hindrance that prevents the surface from establishing
equilibrium with the imposed oxygen chemical potential. In
fact, the significant discrepancy between equilibrium phase
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Figure 1. Schematic illustrations of the top layer of (a) Cu(110)-(2 X 1) and (b) Cu(110)-c(6 X 2) surface phase, where Cu atoms are depicted by

blue balls and oxygen atoms by red balls.

diagram predictions and experimental realities was also
observed on Cu (100),° and also similar kinetic hindrance
effects were observed for other metallic systems.”’>* For
instance, Lundgren et al. performed an in situ study on the
oxidation of Pd(100) surface at oxygen pressures in the range
of 107°~10° mbar using surface X-ray diffraction and noted the
strong kinetic hindrance to bulk oxide formation from an
oxygen chemisorbed phase even at a temperature as high as 675
K

The atomic mechanism for the origin of such kinetic
hindrance is not established because the real-time atomic
evolution during the surface phase transition is unknown. The
lack of this knowledge is due largely to the inability of
experimental approaches with sufficient detectability to resolve
the dynamic process of the surface phase transition at the
atomic scale. Identification of the cause of the kinetic hindrance
for surface oxidation is important not only for properly
understanding the experimental observations but also for
manipulating the oxidation of metals. Fortunately, atomistic
theoretical approaches can provide an effective tool to
investigate the nature of the dynamic transition of the atomic
structures despite the small time scales of the reactions. In this
work, we employ density-functional theory (DFT) as well as ab
initio molecular dynamics (AIMD) techniques to study the
energetics and kinetics of the Cu(110)-(2 X 1) — ¢(6 X 2)
transition upon increasing oxygen surface coverage. AIMD has
proved effective and accurate in studying early stage oxidation
of metal surfaces and the properties in metal—oxygen
systems.‘%z*_38 Our study aims to identify potential reaction
pathways and the associated energy barriers for the formation
of the ¢(6 X 2) structure from the oxygen chemisorbed (2 X 1)
phase. The validity of the assumptions made in the simulations
is checked by experimental scanning tunneling microscopy
(STM) imaging of the oxygen chemisorbed Cu(110) surface.
By elucidating these atomic steps and energy barriers, our
results provide an atomistic picture for understanding the origin
of kinetic hindrance in the oxygen chemisorption induced
surface phase transition as well as the insight into the details of
Cu and O adatom interaction in the chemisorbed layer.

Il. COMPUTATIONAL METHODS AND EXPERIMENTAL
DETAILS

DFT calculations are performed using the generalized gradient
approximation (GGA) of Perdew—Wang (PW91)* for the
exchange-correlation functional, as implemented in the Vienna
Ab-initio Simulation Packa%e (VASP).*™* We use projector
augmented wave (PAW)*** potentials in conjunction with a
plane-wave cutoff energy of 380 eV. All of the simulation cells
in this study have the same size, so the Brillouin-zone
integration is performed using (2 X 4 X 1) Monkhorst—Pack
grids* for all the cells. The calculations are carried out with
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broadening of the Fermi surface according to Methfessel—
Paxton smearing technique®” with a smearing parameter of 0.2
eV. All of our calculations are spin-averaged except for those
involving free molecular and atomic oxygen where the
calculations are spin polarized. The Cu surfaces are modeled
using a periodically repeated slab with five layers where the
bottom layer is fixed. The image slabs along the direction
perpendicular to the surface are separated by a vacuum region
of 11 A. The positions of all the atoms, except those of the
bottom layer, are allowed to relax fully in all three dimensions
until the force components acting on each atom are less than
0.015 eV/A. Our calculated lattice constant for Cu is 3.64 A
using a Monkhorst—Pack grid of (11 X 11 X 11), which is in
good agreement with the experimental value 3.61 A** and with
previous calculations.** !

We applied the climbing image nudged elastic bands (CI-
NEB) method®” to calculate the reaction barriers, where at least
five intermediate images are added in between the initial and
final states. The adsorption energy of oxygen is calculated as

ads 1 tot (¢]
EX = —|BS., — B + —2E
(¢] No( 0/C f 2 02)

where E§'c, is the total energy of the Cu—O system and E, is

the energy of the structure before adsorbing oxygen. Eq, is the

energy of an isolated oxygen molecule, and Ny, is the number of
oxygen adatoms added into the system, which is equal to 1 in
this work as one oxygen adatom is added at a time. We
performed various tests to validate the computational frame-
work such as k-grid convergence, plane-wave cutoff, and
vacuum size and found that the values adopted in this work
yield sufficiently converged energies. For example, the changes
in the oxygen adsorption energy on a clean (2 X 1) surface
using a k-grid of (4 X 8 X 1), a plane-wave cutoff energy of 450
eV, and a vacuum size of 15 A are within 0.04, 0.02, and 0.01 eV
of the values obtained using the lower thresholds, respectively.
In particular, this shows that the vacuum size is sufficiently
large, and there is no need to apply the dipole correction.

All AIMD calculations are performed starting from the
relaxed structures obtained by DFT calculations, with no initial
velocities assigned. The simulations are carried out in a
canonical ensemble (NVT) with a Nosé thermostat® for
temperature control. The systems are first heated up through
velocity scaling to 500 K (some calculations are repeated using
700 K, and essentially the same results are obtained) with a
heating rate of about 500 K/ps and subsequently annealed at
the same temperature for at least 7 ps for further equilibration.
The time step for constant temperature MD simulation is
chosen to be 2 fs, which is sufficient to yield reliable
morphological and energetic properties. The time step adopted
in this paper is smaller than those used in some other AIMD
works on metal—oxygen systems.>”**>*
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Figure 2. Fully relaxed structures when Cu and O adatoms are added consecutively into the (2 X 1) phase. (a) One O adatom is added into row 2.
(b) One Cu adatom is added into row 2. (c) The O and Cu adatoms introduced in (a) and (b) form a Cu—O dimer. (d) A second Cu adatom is
added into the system and form a trimer structure together with the previously adsorbed adatoms. For better illustration, the top-layer Cu and O
atoms of the original (2 X 1) phase are depicted by blue and red balls, respectively, and the substrate Cu atoms by gray balls. Cu and O adatoms are

depicted by yellow and purple balls, respectively.

To validate some of the results in our simulations, a variable-
temperature ultrahigh vacuum scanning tunneling microscope
(Omicron VT-AFM XA) was employed to image the atomic
structures of oxygen chemisorbed Cu(110) surfaces. The
Cu(110) single crystal used in the STM experiment is a “top-
hat” disk, purchased from Princeton Scientific Corp., cut to
within 0.1° to the (110) crystallographic orientation and
polished to a mirror finish. The crystal was cleaned by repeated
cycles of Ar* sputtering and annealing. A variable-pressure leak
valve was used for controlled oxygen dosing. STM imaging was
performed at room temperature in constant-current mode with
bias on the sample.

lll. RESULTS

A. Overview. The structural difference between the (2 X 1)
and ¢(6 X 2) reconstructions lies in the configuration of the
topmost atomic layer. Figurel shows the structural models of
the top layer of the oxygen chemisorbed Cu(110)-(2 X 1) and
c(6 X 2) phases, in which the same cell sizes are used for the
two oxygen chemisorbed phases. The simulation cell for the (2
X 1) top layer has six Cu atoms and six O atoms with an
oxygen coverage of 0.5 ML, while the cell for the ¢(6 X 2) top
layer contains ten Cu atoms and eight O atoms with an oxygen
surface coverage of 2/3 ML. This suggests that the Cu(110)-(2
X 1) = ¢(6 X 2) transition requires incorporation of additional
Cu and O atoms; i.e., four extra Cu atoms and two extra O
atoms are required to add into the existing (2 X 1) phase to
reach the same surface coverage of Cu and O atoms in the ¢(6
X 2) phase. Meanwhile, the (2 X 1) — ¢(6 X 2) transition
requires breaking up the added Cu—O—Cu rows in the (2 X 1)
reconstruction in order to accommodate additional Cu and O
atoms. The breakdown of the Cu—O—Cu chain was assumed
initially to require a large kinetic barrier, due to the prevailing
belief that there are strong bonds acting on the surface Cu and
O atoms, which effectively stabilize the whole system.>>™>’
However, as presented later in this paper, our study shows that
the Cu—O bond breaking can also be a barrierless process.

The direct experimental evidence about the dynamic picture
of the phase transition is still unreachable due to the lack of
experimental tools with sufficient detectability in resolving the

atomic processes, and thus the reaction pathways derived from
simulation results seem to be unjustified. However, taking into
account the dependence of phase transition on the adatom
incorporation, this work does not completely rely on intuitive
deductions. To get a good insight, we first carry out AIMD
calculations by adding Cu and O atoms into the (2 X 1)
structure and letting the system evolve and equilibrate and then
obtain the ground state geometries and energies by DFT
relaxations. Once a feasible path of the (2 X 1) — ¢(6 X 2)
phase transition is obtained from AIMD, we then utilize NEB
calculations to quantitatively determine the kinetics associated
with the transition. Such an interplay between AIMD and NEB
can minimize the bias due to an arbitrary starting guess,
yielding a more accurate representation of phase transitions.

B. AIMD and DFT Calculations. We first have a close look
at the structural difference of the (2 X 1) and ¢(6 X 2) phases.
While Cu—O—Cu chains serve as building blocks for both
structures, ¢(6 X 2) clearly has a higher density of Cu—O—Cu
chains. The assembly of more chains in the (2 X 1) structure
requires breaking up the native Cu—O—Cu chains and
deposition of additional Cu and O atoms. Noticing that both
the(2 X 1) and ¢(6 X 2) structures have Cu—O—Cu chains in
row 3 and row S (shown in Figure 1), it would be sensible to
keep the Cu—O—Cu chains in row 3 and row $ intact when
simulating the phase transition, in order to minimize the mass
transport and bond breaking. Therefore, a natural choice is to
assemble new chains in row 2 and row 6 via the supply of extra
Cu and O atoms.

Starting with the perfect (2 X 1) phase shown in Figure 1a,
we first place an O atom on row 2 in a prerelaxed (2 X 1)
surface with an arbitrary distance of approximately 3.0 A above
the surface,’®*” so that the system can freely evolve starting
from 0 K. The system is heated up to 500 K through velocity
scaling, followed by a 7 ps equilibration period. After
equilibration, the O atom is found to adsorb at the shifted-
hollow (ShH) site of the second atomic layer, which is
consistent with our previous study on the subsurface oxygen
adsorption of the ¢(6 X 2) surface.’® The configuration
obtained by AIMD is then further relaxed in a subsequent DFT
calculation, which gives the final geometry as shown in Figure

dx.doi.org/10.1021/jp503757k | J. Phys. Chem. C 2014, 118, 20858—20866
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Figure 3. Double-trimer configurations relaxed by DFT calculations. (a) The two trimers are symmetric with respect to row 4. (b) The trimer in row

6 of (a) is displaced by one [001]-(1 X 1) lattice spacing.
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Figure 4. (a) Top (left) and side (right) view of the last snapshot of the AIMD simulation starting from the structure shown in Figure 3b. (b) Top
(left) and side (right) view of the structure shown in (a) after geometry relaxation.
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Figure 5. (a) Two-trimer configuration, which is the starting image of the NEB calculation. (b—f) The relaxed intermediate NEB images. (g) Four-
chain configuration obtained in the AIMD run, which is also the final image of the NEB calculation. (h) NEB energy plot for the morphology

transition.

2a. The adsorption energy of the oxygen atom is calculated to
be —1.16 eV. Because the formation of the Cu—O—Cu chain-
like structure requires alternate arrangement of O and Cu
atoms, we then place a Cu atom in row 2 at the Cu lattice point
and obtain the structure shown in Figure 2b. NEB calculation
reveals that the reaction barrier to form the Cu—O dimer
structure as shown in Figure 2c is as small as 0.13 eV, and this
configuration is proved to be stable after 7 ps of AIMD
relaxation in the canonical ensemble at 500 K. Meanwhile, the
system energy decreases by 028 eV due to the dimer

20861

formation. Thus, this step is both kinetically and thermody-
namically favorable. By a further relaxation using AIMD started
by placing additional Cu atom in row 2, a Cu—O—Cu trimer is
naturally formed, as illustrated in Figure 2d.

Now we have the crucial component of a Cu—O—Cu chain
in row 2. Considering the symmetry of the c(6 X 2) structure,
we then need to build another Cu—O—Cu trimer in row 6, but
an issue arises on the exact location of the second trimer. Since
the first trimer is preadsorbed in row 2, there are two possible
places for the trimer in row 6. First, as the configuration shown

dx.doi.org/10.1021/jp503757k | J. Phys. Chem. C 2014, 118, 20858—20866
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Figure 6. (a) Four-chain configuration, which is the starting image of the NEB calculation. (b—f) The relaxed intermediate NEB images. (g) The
Cu(110)-c(6 X 2) configuration, which is the final image of the NEB calculation. (h) NEB energy plot for the concerted Cu movement.

in Figure 3a, the two trimers in row 2 and row 6 could be
symmetric with respect to row 4, and second, as the
configuration shown in Figure 3b, the trimer adsorbed in row
6 is displaced by one [001]-(1 X 1) lattice spacing (i.e., ~3.64
A) comparing with that in Figure 3a. Because of the
translational symmetry of the unit cell along the [001]
direction, the only difference between the two configurations
in Figure 3 lies in the positions of the oxygen atoms. Our DFT
calculations reveal that the system energy of the configuration
in Figure 3b is 0.33 eV more stable than that of Figure 3a.
Therefore, we choose the configuration in Figure 3b to be an
intermediate state as the (2 X 1) phase transforms to the c(6 X
2) phase. Notice that starting from this configuration we have
achieved the same coverage of Cu and O as that in the c(6 X 2)
unit cell, which implies that ideally the ¢(6 X 2) phase can be
achieved by rearrangement of the Cu and O atoms, namely by
breaking some of the Cu—O bonds in the configuration shown
in Figure 3b. To determine the possible reaction paths for bond
breaking and atom arrangement, AIMD calculations are
performed starting with the configuration shown in Figure
3b. The system is expected to evolve toward the lowest-energy
structure, which is the experimentally observed c(6 X 2).

By heating the system up to 500 K and then maintaining the
system at this temperature for 10 ps in the NVT ensemble, we
reach a structure with four rows of Cu—O—Cu chains, as shown
in Figure 4a. This four-chain structure obtained by the AIMD
treatment is then further relaxed using DFT, which results in an
equilibrium structure illustrated in Figure 4b. A close
comparison between Figures 4a and 4b reveals that after the
DFT structural relaxation the overall geometry of the system
does not show pronounced changes, and all the atom positions
are altered only marginally, which indicate that the structure
obtained by AIMD is fairly close to equilibrium. We then
perform NEB calculations to quantitatively study the transition
from Figure 3b to Figure 4b. Figures Sa—g display the
intermediate snapshots of the transition, which reveal that the
transition involves rearrangement of a few atoms. First, as
shown in Figures Sa—d, the Cu—O—Cu chain in row 1 is
broken and the two O atoms labeled by i and ii are dislodged
from row 1. The O atom labeled by i moves to the adjacent row

2 and attach with the Cu atom of the existing Cu—O—Cu
trimer to form a Cu—O—Cu—O chain along the [001]
direction. The O atom labeled by ii moves to the adjacent
row 6 and attach to the Cu atom of the existing Cu—O—Cu
trimer to form a Cu—O—Cu—O chain along the [001]
direction. Second, as shown in Figures Se—g, the two Cu
atoms left behind in row 1 move by 1/2 [001]-(1 X 1) lattice
spacing (i.e, ~1.8 A) to bond with the two O atoms in row 2.
Figure Sh depicts the energy landscape of the transition from
the double-trimer configuration in Figure 3b to the four-chain
configuration in Figure 4b, which shows that the system total
energy decreases throughout the reaction. Therefore, it is clear
that after two Cu—O—Cu trimers are sequentially adsorbed in
row 2 and row 6 of the (2 X 1) structure, the system then
spontaneously evolves to the configuration of Figure 4b,
resulting in a significant drop of the system total energy by 1.73
eV. It is noted that although the transition from Figure 3b to
Figure 4b is initiated by Cu—O bond breaking in row I,
surprisingly there is no reaction barrier associated with this
process.

Now the system geometry closely resembles that of the c(6 X
2) reconstruction. In both structures, there are two Cu—O—
Cu—O chains in every three [110]-(1 X 1) lattice spacings,
whereas the differences are in the positions of the two Cu
atoms that are not involved in the formation of the Cu—O—
Cu—O chains in rows 2 and 6. Figure 6a is the same
configuration shown in Figure Sg, and Figure 6g is the
configuration of the ¢(6 X 2) reconstruction. As seen in Figure
6a, row 1 has two Cu atoms while row 4 is vacant, whereas in
the ¢c(6 X 2) structure (Figure 6g), the two Cu atoms are
redistributed with one located in row 1 and the other one in
row 4 and coordinated laterally with the O atoms in the
adjacent Cu—O—Cu—O chains. To form the c(6 X 2) structure,
a possible path is the direct dislodgement of one of the Cu
atoms in row 1 to the vacant row 4, but such a transition
pathway is kinetically unfavorable because the Cu atom has to
migrate a long distance over row 2 and 3 to reach row 4. Our
NEB calculation indicates that the energy barrier for such direct
migration is higher than 2.00 eV, and the Cu atom needs to
overcome multiple barriers along the pathway involving several

dx.doi.org/10.1021/jp503757k | J. Phys. Chem. C 2014, 118, 20858—20866
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Figure 7. Topographic STM images of Cu(110) oxidized at 150 °C under the oxygen pressure of 10~ Torr for 20 min: (a) the coexistence of the (2
% 1) and ¢(6 X 2) phases; (b) the magnified view of the labeled area in (a), and the ideal positions of Cu and O atoms of the (2 X 1) phase and ¢(6
X 2) phase are represented by blue and red balls, respectively. The Cu atoms of ¢(6 X 2) phase that are invisible in the STM observations are
indicated by gray balls. The tunneling conditions for the STM imaging are Iy = 0.1-0.5 nA and V3 = —1 V.

Cu—O bond breakings and bond re-formations. We herein
propose an alternative transition path that essentially involves
the concerted movement of three Cu atoms by following the
pathway as shown in Figures 6a—g. Three Cu atoms from row
1, 2, and 3 move simultaneously, with a lateral displacement of
one [110]-(1 X 1) lattice spacing for each Cu atom, and then
end up at the stable locations matching with the ¢(6 X 2)
structure. The reaction barrier for the concerted movement is
1.41 eV, as seen in Figure 6h. By forming the ¢(6 X 2) structure
from the configuration shown in Figure 6a, the system total
energy decreases marginally by 0.20 eV.

IV. DISCUSSION

The stable structure of an oxygen chemisorbed layer is typically
assumed to be in equilibrium with the bulk and oxygen gas,
which requires long reaction time to reach. Transitions among
surface phases may be limited by various atom transport
processes, and thus sometimes the surface phases observed are
in some respect metastable because the state of thermodynamic
equilibrium is not reached. There are many examples where the
thermodynamically stable phase cannot be achieved—either
due to kinetic barriers®*® or other reasons such as preparation
conditions.”” Sometimes, the discrepancy between a calculated
phase stability region and a measured stability region is due to
intrinsic errors in the theoretical approach such as in the
exchange-correlation functional in DFT calculations or even to
the various employed approximations such as neglect of
vibrational and entropic contributions. We showed in our
previous studies that these errors are unlikely to show
substantial changes to the phase diagrams.>>*°

In our study, the (2 X 1) — ¢(6 X 2) phase transition is
assumed to occur via the breakup of the existing (2 X 1) chains
followed by the formation of new Cu—O chains, as illustrated
in Figure 1. Indeed such a relationship between the atomic
arrangements of the (2 X 1) and ¢(6 X 2) phases is observed in
our STM experiments. Figure 7 shows representative STM
images of a Cu(110) surface exposed to oxygen gas at the
pressure = 1 X 107> Torr and T = 150 °C for 20 min. The
topographic image in Figure 7a shows an area of the oxygen
chemisorbed Cu(110) surface, on which the(2 X 1) = ¢(6 X 2)
transition is captured. Figure 7a shows clearly that Cu—O—Cu
chains in the two reconstructions are parallel along the [001]
direction, consistent with our phase transition model assuming

the formation of new Cu—O—Cu chains in between the existing
Cu—O—Cu chains of the (2 X 1) reconstruction. We
particularly examine the boundary area of the two reconstruc-
tions, which would give insight into how Cu—O—Cu chains in
the (2 X 1) are converted into ¢c(6 X 2). Figure 7b shows a
zoomed-in view of the boundary area of the two reconstruc-
tions and the atomic configuration at their boundary, where the
ideal positions of the Cu and O atoms are indicated by blue and
red balls, respectively. It should be noted that STM can detect
the Cu atoms that are at a higher surface level of the (6 X 2)
phase (corresponding to the Cu atoms shown in row 1 and row
4 in Figure 1b), which result in the bright spots in Figures 7a
and 7b. The rest of the Cu atoms that are not detectable are
indicated by gray balls. For comparison, the cells with the same
size (i.e., (6 X 2)) are indicated both on (2 X 1) and ¢(6 X 2)
regions. It can be seen that rows 2, 4, and 6 of the originally
empty troughs between Cu—O—Cu rows of the (2 X 1)
reconstructed phase are filled up with either Cu—O chains or
Cu atoms after the phase transition. The Cu—O—Cu chain in
row 1 in the (2 X 1) phase is broken into discretely distributed
Cu atoms after the phase transition. This confirms the
proposed mechanism that the phase transition is accompanied
by the breakup of some of the native (2 X 1) chains while
adding up new chains in the originally empty [001] troughs.
In our model we provide one possible pathway for the
formation of the trimers in row 2 and row 6. It is worth noting
that there can be other potential pathways that are unexplored
here. For instance, the trimer formation is modeled in Figure 2
by sequentially adding O and Cu adatoms into row 2, but it is
also possible that the O and Cu adatoms have already bonded
together as Cu—O dimers or even Cu—O—Cu trimers at other
places and diffuse across the surface before they are adsorbed
into row 2. However, it should be noted that the different
possible pathways of forming the Cu—O—Cu trimers do not
change our conclusions. This is because the most important
aspect in the (2 X 1) — ¢(6 X 2) transition is the structural
evolution after the formation of the two trimers as the system
naturally evolves to the configuration shown in Figure 4b
without experiencing energy barriers. Considering the transla-
tional symmetry of the system, the configuration shown in
Figure 3b can be identically visualized as that shown in Figure
8, in which the continuous chain structure in row 1 is perceived
as two segments adjacent to row 2 and row 6, respectively. Such

dx.doi.org/10.1021/jp503757k | J. Phys. Chem. C 2014, 118, 20858—20866
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Figure 8. An alternative visualization of the double-trimer
configuration, in which the chain structure in row 1 is split into two
segments.

a barrierless transition may be related to the undercoordinated
Cu atoms in the Cu—O—Cu trimers in row 2 and row 6, which
exert significant attraction force on the O atoms in row 1. By
looking at Figure 8, we can clearly observe a strong tendency
for O atoms labeled i and ii to move toward row 2 and row 6,
respectively. After the transition, the Cu—O bonds in row 1 are
broken, and meanwhile new bonds are formed in row 2 and
row 6. The two Cu atoms left behind in row 1 also shift by 1/2
[001]-(1 X 1) lattice spacing to coordinate laterally with the O
atoms in the adjacent rows. Therefore, the overall number of
Cu—O bonds has increased, which results in the decrease in the
system total energy.

The last step of the transition leading to the formation of the
¢(6 X 2) structure is the concerted movement of the three Cu
atoms shown in Figure 6. This is the only transition step that is
not observed in our AIMD simulations, which maybe partly
attributed to the fact that the time scale of the AIMD run is not
sufficient to see such a subtle reaction. The energy barrier for
the concerted movement is calculated as 1.41 eV, which is the
largest barrier among all the atomic processes involved in the (2
X 1) = ¢(6 X 2) transition. The experimentally observed
kinetic hindrance for the (2 X 1) — ¢(6 X 2) most likely
originates from this step of the concerted movement of three
Cu atoms.

As a matter of fact, we have annealed the structure shown in
Figure 4b at 1000 K for 10 ps, and no structural changes are
observed. In the AIMD simulation, the concerted movement of
Cu atoms does not occur even at such a high temperature, but
in the experiments, the phase transition has been observed at
much lower temperatures.”> The reason is that in the NEB
calculations the effect of temperature is precluded. In reality,
the reaction barrier is lower than that calculated by NEB
because of the temperature contribution. Therefore, the
calculated value of 1.41 eV is the theoretical upper bound of
this phase transition barrier.

It is worthwhile mentioning that the potential reaction
pathway of the phase transitions is not unique. To confirm that
the pathway described in this work is indeed feasible, ie., the
associated energy barrier is low enough compared with other
paths, we have also explored other possible reaction
mechanisms. For instance, we have tested the reaction by
depositing a Cu adatom in row 4 of the clean (2 X 1) phase
(Figure 1a) followed by adding Cu and O adatoms in row 2
and row 6, respectively, no morphology change toward the ¢(6
X 2) phase is observed in the subsequent AIMD simulations,
and the barriers for atom rearrangements are large.

The formation of the (2 X 1) reconstruction was shown to
occur by an added-row process via surface diffusion of Cu
atoms detached from surface steps or terraces and O atoms
supplied from dissociative oxygen chemisorption on a non-
reconstructed or reconstructed Cu(110) surface.”® The energy
barrier for the dissociation of oxygen molecules on a

nonreconstructed Cu(110) surface is 0 eV along the [001]
direction and 0.12 eV along the [110] direction." % Upon
increasing oxygen coverage, the Cu(110) surface undergoes (2
X 1) reconstruction first and then ¢(6 X 2) formation prior to
the bulk oxide formation. For the dissociation of molecular O,
on the (2 X 1) reconstruction, our DFT calculations show that
the most favorable site for the adsorption of an oxygen
molecule is the hollow (H) site of the second Cu layer in
between two existing Cu—O—Cu—O chains, and our NEB
calculations indicate that the dissociation of oxygen molecules
occurs spontaneously with no energy barrier along the [001]
direction, while if the oxygen molecule is adsorbed along the
[110] direction at the H site of the reconstructed surface, the
molecule decomposes to two separate atoms in the DFT
relaxed structure, indicating that [110] is not a favorable
adsorption orientation for molecular oxygen. The supply of
extra oxygen also involves surface diffusion of atomic oxygen on
a nonreconstructed or the (2 X 1) reconstructed Cu(110)
surfaces for the (2 X 1) — ¢(6 X 2) phase transition. Using
NEB, we find that the barriers for O diffusion on a
nonreconstructed Cu(110) surface along the [110] and [001]
directions are 0.21 and 0.30 eV, respectively, and the barrier for
the diffusion of atomic oxygen on (2 X 1) chemisorbed layer
along the [100] direction in between the Cu—O—Cu—O chains
is 0.53 eV. The diffusion along [110] direction of (2 X 1)
chemisorbed layer is unlikely because adatoms need to jump
over the Cu—O—Cu—O chains.

Regarding the addition of extra Cu adatoms into the
chemisorbed system, the main source of Cu adatoms are
surface defects (e.g., via step-edge detachment) for the initial
stages of the phase transition. Our NEB calculations indicate
that the energy barrier for Cu detachment from a single-atomic
height step is 0.53 eV. The supply of additional Cu adatoms
from terraces is also possible if the supply of Cu adatoms from
step edges does not keep up with impinging oxygen flux.** We
have thus calculated the energy barriers for Cu removal from a
nonreconstruted Cu(110) terrace and a (2 X 1) reconstructed
Cu(110) terrace, which are found to have the values of 0.72 and
0.82 eV, respectively. Similarly, the (2 X 1) —c(6 X 2) phase
transition also involves surface diffusion of Cu adatoms on a
nonreconstructed or the (2 X 1) reconstructed Cu(110)
surfaces. Our calculations show that the energy barriers for Cu
diffusion in the [110] and [001] directions of the non-
reconstructed Cu(110) are 0.29 and 0.31 eV, respectively, and
the energy barrier for Cu diffusion on the (2 X 1) reconstructed
surface along the [100] direction in between two Cu—O—Cu—
O chains is 1.15 eV. The values of our calculated diffusion
barriers for Cu and O adatoms on the nonreconstructed
Cu(110) surface are also consistent with previous studies.”"

Compared to all these atomic processes for the (2 X 1)
reconstruction, the energy barrier (1.41 eV) for the concerted
movement of the Cu atoms involved in the (2 X 1) = ¢(6 X 2)
transition is still the largest throughout the two sequential
reconstructions. The kinetic barrier of 1.41 eV associated with
the concerted movement of Cu atoms in the c¢(6 X 2)
reconstruction formation corroborates with an earlier in situ
electron microscopy study that monitored the nucleation
events of Cu,O islands on Cu(110), from which the activation
energy for Cu,O nucleation was determined to be 1.1 + 0.2
eV.%" This agreement suggest that the energy barrier for oxygen
subsurface diffusion for nucleating Cu,O may be comparable to
or smaller than the energy barrier for the concerted movement
of Cu atoms in the ¢(6 X 2) reconstruction. This is likely by
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considering the fact that the structure for the c(6 X 2)
reconstruction is still pretty open with vacant sites in rows 1
and 4 (see Figure 1b), which may facilitate oxygen subsurface
adsorption without experiencing significantly energy barrier.

V. SUMMARY

In this work, we use both AIMD and NEB techniques to
investigate the kinetic process of the (2 X 1) — ¢(6 X 2) phase
transition upon increasing oxygen coverage on Cu(110). Our
results indicate that the formation of Cu—O dimers and Cu—
O—Cu trimers during the initial steps of the surface phase
transition requires only small kinetic barriers, which is followed
by a barrierless process of transforming to a configuration
containing four Cu—O—Cu—O chains. Although the four-chain
configuration resembles the c(6 X 2) reconstruction, its
transition to the c(6 X 2) structure requires the concerted
movement of three Cu atoms with an associated energy barrier
of 1.41 eV, which is the largest barrier throughout the (2 X 1)
— ¢(6 X 2) transition. This barrier is suggested to be the origin
of the kinetic hindrance that causes discrepancy between the
experimentally observed temperature and pressure dependent
(2 X 1) = ¢(6 X 2) and the theoretical O/Cu(110) equilibrium
phase diagram obtained by the first-principles thermodynamics.
We expect that the approach proposed in this study may be
applicable to study the microscopic processes of other oxygen
chemisorption induced surface phase transitions.
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