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Atomistic mechanisms of the initial oxidation of stepped Cu3;Au(100)
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Alloy oxidation is complex and involves several critical processes that lack understanding on the atomic level.
Here, we report an atomistic picture of the initial-stage oxidation of stepped Cu3; Au(100) using a combination
of surface science tools and modeling to illuminate the microscopic processes underlying oxygen-adsorption-
induced structural and compositional changes. Pristine Cu; Au(100) consists of wide CuAu-terminated terraces
and narrow Cu-terminated terraces separated by monatomic steps. Counterintuitive to the common expectations
of the adsorbate-induced surface segregation of the more reactive alloy component, our observations demonstrate
that the oxygen adsorption leads to the exfoliation of the outermost CuAu layer, thereby exposing the inner Cu
plane to O attack. This occurs via the oxygen-assisted abstraction of Au and Cu atoms from step edges and
CuAu terraces, which generates many Cu adatoms aggregating into Cu clusters and Au adatoms dissolving into
the bulk. The oxygen adsorption onto fourfold hollow sites of the exposed Cu plane results in nucleation and
growth of the ¢(2 x 2)-O superstructure, which can be fit well by the Johnson-Mehl- Avrami-Kolmogorov theory

with a site-saturated nucleation mechanism.
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I. INTRODUCTION

Oxidation is a degradation phenomenon of a metallic ma-
terial resulting from chemical reactions in which the metal
combines with oxygen to form oxides. It is ubiquitous because
most metals are reactive in their functioning environments and
have a strong driving force to transform to their low-energy
oxide state. Alloying is often used to modify material prop-
erties with respect to pure metals. One classic example of
alloying is the development of alloys with enhanced oxidation
resistance resulting from the formation of a stable and protec-
tive oxide layer. Despite its seeming simplicity, oxidation is
a rather complicated process because it covers many fields of
materials science, ranging from basic thermodynamics of gas-
surface reactions, defect chemistry, surface/interface, bulk and
short-circuit diffusion, and phase transformations to interface-
reaction-induced stress generation and relaxation, many of
which are coupled and involved from the onset of the reaction.
Much of our current knowledge of oxidation is derived from
the work based on the growth of macroscopically thick oxide
that is too coarse to reflect the microscopic details of the early-
stage oxidation. Microscopic atomic-scale observations of
alloy oxidation are still rare but are essential for developing a
fundamental understanding of the environmental stability and
functionality of alloys. Compared with the oxidation of pure
metals, alloy oxidation is generally much more complex. The
possible effects of alloying on the oxidation process include
different oxygen affinities of the alloying elements, formation
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of multiple oxides and solid solubility between them, and
different mobilities of various metal ions in the alloy and
the oxides. A detailed understanding of the key processes
taking place in the critical early stages of the oxidation is even
more challenging because of the overwhelming presence of
structural defects at the surface and the difficulty of atomically
probing the complex interplay among oxygen atoms, alloying
elements, and structural defects.

Herein, we address the early-stage oxidation of
Cu3zAu(100) with the use of a combination of scanning
tunneling microscopy (STM) imaging, low-energy electron
diffraction (LEED), low-energy ion scattering (LEIS), and
synchrotron-based ambient-pressure x-ray photoelectron
spectroscopy  (AP-XPS) to provide complementary
information on surface structure, composition, and chemistry
in conjunction with atomistic modeling. The Cu3;Au(100)
surface examined in this paper consists of a series of
monatomic atomic steps alternating with flat terraces, a
characteristic morphology common to most crystal surfaces.
We seek the effects of alloying and atomic steps on
oxygen-adsorption-induced compositional and structural
transformation at the alloy surface. The Cu-Au system is
considered for both its fundamental and practical importance.
Fundamentally, the dramatic difference in the oxygen affinity
between Cu and Au atoms allows some of the features of
the early-stage alloy oxidation to be examined without the
complication of competing oxygen adsorption by reactive
alloying elements. Practically, bimetallic Cu-Au alloys
show improved reactivity over the single metal counterparts
[1] for various catalytic oxidation reactions including CO
oxidation [2,3], CO, reduction [4,5], methanol production
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[6,7], and the water-gas shift reaction [8,9]. These catalytic
reactions are initiated from the adsorption and dissociation
of oxygen-containing species, which depend on surface
structure, composition, and coordination environment around
defective sites. A proper interpretation of the catalytic
properties of Cu-Au alloys requires a precise knowledge
of the surface composition and structural transformation
induced by oxygen adsorption. A CusAu surface can be a
model system for establishing the fundamental principles
to control the adsorption properties of alloys by tuning the
segregation and desegregation of the alloying elements with
the chemical stimuli.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A Cu3Au(100) single crystal (Princeton Scientific Corp.)
was used for the oxidation experiments. The Cu3Au(100) was
cut to within 0.1° to the (100) crystallographic orientation and
polished to a mirror finish. A clean surface can be achieved
by repeated cycles of Ar+ sputtering at room temperature
(2 x 1073 Torr of Ar*, 8 uAcm™2, 1.5 keV) and ultrahigh
vacuum (UHV) annealing at 600 °C for 10 min. The STM
experiments were performed with an UHV system consist-
ing of a sample preparation chamber (base pressure ~1 X
10~'9 Torr) for the surface preparation and an STM chamber
(base pressure ~1 x 10! Torr) for surface imaging. Surface
cleanliness and order were checked by STM, LEED, and XPS.
Oxidation was performed by exposing the clean surface to
high-purity (99.9999%) oxygen gas at an oxygen partial pres-
sure (pO,) of 1 x 107 Torr and 350 °C. The STM imaging
was performed at room temperature with an electrochemically
etched tungsten tip, and the bias was applied on the sample.
Separate UHV systems equipped with LEED and LEIS with
a SPECS Phoibos 100 energy analyzer were used to further
confirm the crystal structure and surface composition of the
Cu3Au(100) prepared using a similar procedure as that in the
STM measurements.

AP-XPS was employed to monitor the surface composition
and chemistry evolution of the Cu3Au(100) as a function of
the O, exposure at pO, = 1 x 107® Torr and 350 °C. The
AP-XPS experiments were performed at the IOS beam-
line of the National Synchrotron Light Source II (NSLS-II),
Brookhaven National Laboratory. The detailed instrument
setup can be found from previous work [10-13]. In short,
the multiple differential pumping stages between the main
chamber and the hemispherical analyzer allow for eliminat-
ing the scattering effect of gas molecules and continuously
acquiring XPS spectra in the presence of gas at the pressure
of 1 x 107® Torr. The photon energy range of the beamline
is from 250 to 2000 eV, which covers O 1s, Cu 2p, Cu 3p,
and Au 4f core levels and Cu LMM relevant for this paper.
Real-time monitoring of the surface composition evolution
induced by surface segregation was performed by acquiring
spectra of the Au 4f core level in situ. All spectra were
collected at a takeoff angle of 20° between the sample surface
and the electron analyzer optics of the XPS spectrometer.
Binding energies in each spectrum were referred to the Fermi
level for correction, and XPS spectra were analyzed with the
Voigt line shape and Shirley-type background. Line shape of

a Gaussian/Lorentzian sum formula modified using an expo-
nential tail function was introduced for accurate peak fitting
and deconvolution. Full width at half maximum (FWHM) of
Au was 0.5-0.6 eV for alloy Au and 0.4-0.5 eV for metallic
Au. Integrated peak areas of each Au species were used to
calculate the relative composition evolution.

The density functional theory (DFT) calculations made
use of the Vienna Ab initio Simulation Package, employing
plane-wave functionals with the projector augmented wave
approach [14-17]. The generalized gradient approximation
with the Perdew-Burke-Ernzerhof exchange-correlation func-
tional was used to evaluate the exchange-correlation energy
[18,19]. Our computational framework is like previous work
[20]. The plane wave energy cutoff energy was set as 400
eV. Monkhorst-Pack k-point grids of 4 x 4 x 1 and 4 x 2
x 1 were used for the CuAu surface calculations [21]. We
used period slabs with a vacuum spacing of 12 A to model
the surface, and the slab is composed of five layers with the
bottom two layers fixed. All the structures were fully relaxed
until the force acting on each atom was <0.015eV/A. The
Cu3Au(100) surface is known to ripple with the Au atoms
being displaced above the Cu atoms. The magnitude of the
rippling found experimentally (~0.12 A [22], ~0.04 A [23])
and theoretically (~0.18 A [24], ~0.15 A [25]) is reasonably
reproduced in our DFT calculations (~0.26 A). Our DFT
calculations of the O adsorption at CuzAu(100) are based on
the fully relaxed CuzAu(100), for which the surface ripping
effect is incorporated.

We investigated the vacancy formation energy of Cu and
Au in our DFT modeling to explore the surface structure evo-
lution. The most stable configuration identified after removing
a Cu or Au atom was used as a starting configuration for
the next atom removal. The vacancy formation energy was
computed using the equation

Evac = Est{)alb - Eref - Eatoms (1)

where EY is the total energy of the whole CuAu system,
E.s is the free energy of the slab with one Cu or Au vacancy,
and Eyon 1S the free energy of single Cu/Au atom in the bulk
structure. All the atomic structures were visualized using the
Visualization for Electronic and Structure Analysis.

III. RESULTS
A. STM imaging

CusAu has a cubic L1;-ordered structure and transforms to
a substitutionally disordered face-centered cubic (fcc) lattice
on heating over the bulk order-disorder transition temperature
of ~390°C. In L1;-ordered CuszAu, Au atoms occupy the
corners of the fcc unit cell and Cu the face centers [Fig. 1(a)].
Therefore, the ordered CuzAu(100) surface could be termi-
nated in a plane of (i) pure Cu (i.e., CuCu plane) or (ii) in
a plane consisting of equal numbers of Cu and Au atoms
(CuAu plane) [26]. Figure 1(b) shows a LEED pattern of the
Cu3Au(100) crystal that was annealed at 350 °C in UHV to
restore the chemical order of the alloy. The LEED pattern
reveals a p(1 x 1) symmetry and a clear c(2 x 2) superstruc-
ture, as marked in Fig. 1(b). The c¢(2 x 2) superstructure is
due to the L1,-ordered lattice and suggests the CuAu surface

075422-2



ATOMISTIC MECHANISMS OF THE INITIAL ...

PHYSICAL REVIEW B 105, 075422 (2022)

—~
(o
N
—~
()
-{;\./

o)
:.
>
=
b )
b
brsd

Height (A)
o

-
s

0 10 20 30 40 50 60
Length (nm)

FIG. 1. (a) The crystal model of L1, ordered Cus;Au. The possible surface terminations in a plane CuAu or pure Cu are marked in purple
and blue, respectively. (b) Low-energy electron diffraction (LEED) pattern of clean ordered Cu;z Au(100), where the (2,2) spot corresponds
to the superlattice cell shown in the inset of (f). Primary electron energy: E = 25eV. (c) Topographic scanning tunneling microscopy (STM)
image (size: 500 x 500 nm?) of an ordered Cu3 Au(100) surface, showing that the surface consists of wide and narrow terraces with a preferred
terrace edge orientation along [011]. (d) Zoomed-in STM image of the stepped region as marked by the white dashed box in (c) (size:
40 x 40nm?). The inset shows schematically the surface termination of the wide and narrow terraces, gold and blue balls represent Au and
Cu atoms, respectively. (e) Surface profile along the white dashed line marked in (d), indicating that the terraces are separated by monolayer
atomic steps. (f) Atomically resolved STM image of the wide terrace as marked by the white dashed square in (d) (size: 2 x 2nm?). The
upper-right inset shows schematically the ¢(2 x 2) superstructure of the ordered Cu3Au(100). The tunneling conditions for the STM imaging:

(©) Vs =2V, I; =0.1nA, (d)and () Vz = 0.1V, Iy = 1 nA.

termination. Figure 1(c) displays a representative STM topo-
graphic image of the Cu3Au(100) surface, showing that the
well-annealed surface consists of alternating wide and narrow
terraces separated by atomic steps that exhibit a sawtoothlike,
zigzag appearance with the preferred terrace edge orientation
along the [110] direction. Figure 1(d) presents a zoomed-in
STM image of the stepped region, as marked by the white
dashed box in Fig. 1(c), showing that the atomic steps consist
of a wide terrace (=50 nm) and a narrow terrace (~5-10 nm).
As illustrated schematically in the inset of Fig. 1(d) and
confirmed later by the step height profile and atomically
resolved STM imaging analysis, the wide terraces are termi-
nated by the CuAu plane, whereas the narrow terraces have
the surface termination of the pure Cu plane. Figure 1(e)
displays the STM height profile along the white dashed line
in Fig. 1(d), showing a step height of ~1.93 A between
the upper CuAu(100)-terminated terrace (A) and the lower
Cu(100)-terminated terrace (B) but a slightly smaller step
height of ~1.84 A between the Cu(100)-terminated terrace
(B) and the bottom CuAu(100)-terminated terrace (C). The
slight differences in the step heights can be attributed to the
upward relaxation of Au atoms in the CuAu-terminated sur-
face of L1,-ordered CuzAu(100) [24]. Since the L1,-ordered
CusAu has a lattice constant of ~3.75 A [27,28], the measured
step heights correspond to monoatomic steps. The surface
terraces separated by monoatomic steps should have different
chemical configurations, i.e., the surface planes of CuAu and
pure Cu, as highlighted in the inset of Fig. 1(d).

Figure 1(f) shows an atomically resolved STM image from
the wide terrace, as marked by the white dashed box in
Fig. 1(d). Although it is challenging to chemically resolve Cu
and Au atoms by STM imaging, one can find that the surface
consists of two types of atoms, where the bright intensity ones
have a larger surface height (by ~0.13 A) than the weak in-
tensity ones and correspond to Au, whereas the weak intensity
ones can be assigned as Cu. It is worth mentioning that STM is
sensitive to topography convoluted with the electronic density
of states, but the good match of the surface height difference
between the Au and Cu atoms measured here with other ex-
perimental tools (0.12 A by ion scattering spectroscopy (ISS)
[22]) and modeling results (~0.18 A [24], ~0.15 A [25])
suggests that the STM image contrast in Fig. 1(f) is dominated
by geometric rather than electronic effects. The measured
distance between adjacent bright (Au) atoms is ~3.7 A, which
is also consistent with the lattice constant of the CuzAu unit
cell. The upper-right inset in Fig. 1(f) shows schematically
the arrangement of Au and Cu atoms in the CuAu-terminated
surface, in which the marked parameters of the p(1 x 1) and
c(2 x 2) unit cells are related by b = V2a with the 45° rota-
tion angle of the two cells. This makes the Wood’s notation
of the surface structure of the ¢(2 x 2). Therefore, it can be
determined that the wide terraces are terminated by the CuAu
plane of the L1,-ordered Cuz Au(100).

The above LEED and STM imaging demonstrate that
the pristine surface prepared from the UHV annealing con-
sists of alternating wide and narrow terraces separated by

075422-3



YAGUANG ZHU et al.

PHYSICAL REVIEW B 105, 075422 (2022)

X 4

< |~171A
E Y
T~2.01A |

0 40 80 120 160
Length (nm)

1.2

10 20 30 40 50
Length (nm)

FIG. 2. (a) Representative scanning tunneling microscopy (STM) image (size: 300 x 300 nm?) of the Cu3 Au(100) obtained after 200 L of
O, exposure at 350 °C. The lower-left inset is the surface profile along the white dashed line across the CuAu terraces (X, Z) and the narrow,
Cu-terminated terrace (Y). (b) High-resolution STM image (size: 2 x 2nm?) of the narrow terrace marked by white dashed box b in (a), in
which only O atoms are visible. The ¢(2 x 2)-O structure model is overlaid onto the STM image (the blue and red balls represent Cu and
O atoms, respectively). (c) Surface profile along the white dashed line across two adjacent O atoms in (b). (d) Zoomed-in STM image (size:
20 x 20nm?) of the monolayer depression within the wide terrace marked with dashed box d in (a). The upper-right inset is an atomically
resolved STM image (size: 2 x 2nm?) of the depression bottom marked with the dashed box. (e) Surface profile along the white dashed line
across the terrace depression in (d). The tunneling conditions for STM imaging: (a) V3 =2V, Iy = 0.1nA, (b) V = 0.05V, Iy = 1nA, and

() Vg = 1.0V, Iy = 0.1nA.

monoatomic steps, and the wide terraces have the surface ter-
mination of the CuAu plane, whereas the narrow terraces have
the surface termination of the pure Cu plane. This provides
the baseline to understand the onset of the surface oxidation
and the resultant surface composition and structure evolution
during the O, annealing. Figure 2(a) shows a representa-
tive large-scale STM image of the Cuz Au(100) surface after
200 Langmuir (L) of O, exposure at 350 °C. The surface is
still composed of wide (CuAu-terminated) and narrow (Cu-
terminated) terraces, but the average extension of the narrow
terraces is now of the order of ~15 nm, which is about a
factor of 2 wider than that of the pristine surface [Fig. 1(c)].
The widening of the narrow terraces is caused by the oxygen
attack along the step edge of the wide terraces, which results
in the receding motion of the step edges and the formation
of local recessions into the wide terraces, as indicated by the
white arrows in Fig. 2(a). As a result, the step edges become
less zigzag with relatively long straight segments because the
protruding portion of the step edges is etched away first. In
addition, the oxygen attack also takes place within the wide
(CuAu) terraces, which results in the extraction of Au and Cu
atoms from the topmost surface layer and leads to the forma-
tion of depressions (pits) in the terraces, as marked by white
dashed box d in Fig. 2(a).The lower-left inset in Fig. 2(a) dis-
plays the STM height profile taken along the white dashed line
across terraces X, Y, and Z. Areas X and Z correspond to the
wide, CuAu-terminated terraces that are separated by the nar-
row, Cu-terminated terrace (terrace Y). The line profile shows
a step height of ~1.71 A between terraces X and Y, which is
~0.2 A smaller than the step height (~1.9 A) for the pristine
surface [Figs. 1(d) and 1(e)]. By contrast, the step height be-
tween terraces Y and Z is ~2.0 A, a slight increase (by 0.2 A)
from the corresponding step height of the pristine surface
[Figs. 1(d) and 1(e)].

Figure 2(b) shows a zoomed-in STM image obtained from
the Cu-terminated, narrow terrace, as marked by white dashed
box b in Fig. 2(a). The atomically resolved STM image reveals
a c(2 x 2) structure of adsorbed oxygen, in which the oxygen
atoms occupy the fourfold hollow sites of the Cu-terminated
(100) terrace with 0.5 monolayer (ML) oxygen coverage,
as shown schematically by the overlaid atomic structure in
Fig. 2(b). The ¢(2 x 2)-O structure has been widely observed
from oxygen adsorption on Cu(100) [14,29,30]. The c(2 x
2)-0 formation observed here indicates that the Cu-terminated
terraces of the L1,-ordered Cu3z Au(100) have similar behavior
in the oxygen adsorption on Cu(100). Figure 2(c) displays the
height profile along the white dashed line in Fig. 2(b), showing
a lateral distance of 3.6 A between the bright spots and a
surface corrugation of ~0.2 A. The measured distance equals
the distance between adjacent O atoms in ¢(2 x 2)-O, which
indicates that the bright spots correspond to O atoms, and
the Cu atoms locating at the bridge sites of O atoms remain
invisible in the STM image. This is also consistent with DFT
calculations showing that the local density of states of O are
higher than that of Cu in ¢(2 x 2)-O [31]. By comparison
with the step heights for the pristine surface [Figs. 1(d) and
1(e)], the O adsorption by the Cu-terminated terrace and the
resultant upward relaxation of the surface O atoms give rise
to the decreased step height (~1.71 A) between the lower
Cu-terminated terrace and the upper CuAu-terminated terrace
but an increased step height (~2.01 A) between the lower
CuAu-terminated terrace and the upper Cu-terminated terrace
[the inset in Fig. 2(a)].

Figure 2(d) shows a zoomed-in STM image obtained from
the depression within the wide terrace, as marked by white
dashed box d in Fig. 2(a). The topographic STM image reveals
that the bottom surface of the depression displays the square-
gridlike structure, which is evident in the inset zoomed-in
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FIG. 3. (a) Scanning tunneling microscopy (STM) image (size: 300 x 300 nm?) of the CuzAu(100) surface after 800 L of O, exposure
at 350 °C. (b) STM line profile along the white dashed line across the CuAu terrace (Y) and the adjacent oxygenated Cu terraces (X, Z) in
(a). (c) Atomically zoomed-in STM image (size: 2 x 2nm?) of the oxygenated Cu terrace marked with white dashed box c in (a), inset is the
¢(2 x 2)-0 structure overlaid on the STM image. (d) Zoomed-in STM image (size: 40 x 40 nm?) of the stepped region marked with white
dashed box d in (a), overlaid onto the STM image is the adsorption of O atoms onto the fourfold hollow sites made by the Cu atoms at the step
edge. The blue and red balls represent Cu and O atoms, respectively. () STM line profile along the white dashed line along the step edge of
the ¢(2 x 2)-O terrace in (d). The tunneling conditions for STM imaging: (a) Vs =2V, Ir = 0.1nA, (c) and (d) V3 = 0.35V, Iy = 1 nA.

STM image showing the same c(2 x 2)-O structure as that
in Fig. 2(b). This suggests that it is a ML depression, and the
bottom surface of the depression is terminated by the Cu plane
with adsorbed O at the fourfold hollow sites of Cu atoms.
The ML depression is further confirmed by the STM height
profile taken along the white dashed line across the depression
in Fig. 2(d). As shown in Fig. 2(e), the depression has a
depth of ~1.72 10\, which matches well with the height of the
monoatomic step between the lower oxygenated Cu terrace
and the upper CuAu terrace, as shown in the inset of Fig. 2(a).

The above STM observations indicate that the O, expo-
sure results in O adsorption at the fourfold hollow sites of
the Cu-terminated terraces. Meanwhile, the oxygen attack
also leads to the decomposition of the topmost layer of the
wide, CuAu-terminated terraces via the formation of ML de-
pressions and step-edge decay. To further confirm this trend,
the evolution of the surface morphology and structure was
monitored as a function of the O, exposure at 350 °C and
pO, = 1 x 107® Torr. Figure 3(a) illustrates an STM image
of the surface morphology after 800 L of O, exposure. The
surface still consists of wide (CuAu-terminated) and narrow
(Cu-terminated) terraces separated by monoatomic steps, as
confirmed by the surface profile shown in Fig. 3(b). The
average extension of the Cu terraces is of the order of ~30 nm,
about a factor of 3 larger than that of the pristine surface
[Fig. 1(c)]. The widening of the Cu terraces is caused by the
step-edge decay of the CuAu terraces due to the continued
oxygen attack along the step edge. As indicated by the white
arrows in Fig. 3(a), the number density and size of depres-
sions in the CuAu-terminated terraces also increase upon the
increased O, exposure.

Figure 3(b) shows the STM height profile taken along the
white dashed line across terraces X, Y, and Z in Fig. 3(a).
The step height of ~1.73 A corresponds to the monoatomic
step between the upper CuAu(100)-terminated terrace (X) and

the lower Cu(100)-terminated, c(2 x 2)-O terrace (Y), and the
step height of ~2.01 A is commensurate with the monoatomic
step between the upper Cu(100)-c(2 x 2)-O terrace (Y) and
the lower CuAu terrace (Z), consistent with the STM sur-
face profiles shown in Fig. 2. This is further confirmed by
the atomically resolved STM image. As shown in Fig. 3(c),
the zoomed-in STM image of the region marked with white
dashed box c in Fig. 3(a) illustrates the c(2 x 2)-O super-
structure formed on the Cu-terminated terrace. Figure 3(d) is
an atomically resolved STM image of the stepped region, as
marked with white dashed box d in Fig. 3(a), in which the
bright dots can be assigned as O atoms because the STM im-
age was obtained using the same tunneling conditions as that
for imaging the c¢(2 x 2)-O superstructure within the terrace
[Fig. 3(c)]. The consideration of bright dots as O is further
confirmed by the STM height profile taken along the step edge
across the bright dots in Fig. 3(d). As shown in Fig. 3(e),
the distance between the adjacent O atoms is ~3.60 A, and
the surface corrugation value is close to ~0.16 A, which also
matches that in the ¢(2 x 2)-O structure. Although the zigzag
edges tend to be defective and short, the STM observation
reveals that O atoms are still adsorbed into the hollow sites of
the Cu atoms along the step edge region of the Cu-terminated
terrace, as shown schematically by the overlaid atomic struc-
ture in Fig. 3(d).

Figure 4 corresponds to the longer O, exposure (1800
L) that results in the significant area shrinkage of CuAu-
terminated terraces. As marked in Fig. 4(a), the extension
of the lateral size of the oxygenated Cu terraces increases
up to ~80 nm, while the CuAu terraces shrink in size to as
small as ~5 nm in some regions. Meanwhile, Fig. 4(a) also
shows that the oxygenated Cu terraces have a high density
of clusters, whereas the CuAu terraces are relatively free of
clusters. As marked by the arrows, long and thin strips are also
formed in the oxygenated Cu terraces. Figure 4(b) displays
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FIG. 4. (a) Scanning tunneling microscopy (STM) image (size: 300 x 300 nm?) of the Cu3Au(100) surface after 1800 L of O, exposure at
350°C. (b) STM line profile along the white dashed line across the oxygenated Cu terrace (B) and its upper and lower oxygenated Cu terraces
(A, C) in (a). (c) Atomically zoomed-in STM image (size: 3 x 3 nm?) of the oxygenated Cu terrace marked with white dashed box c in (a),
showing the formation of Cu clusters on the Cu-terminated c(2 x 2)-O surface. (d) Zoomed-in STM image (size: 40 x 40 nm?) of the region
consisting of a Cu strip and Cu clusters, as marked with white dashed box d in (a). (¢) STM line profile across the Cu strip and Cu clusters as
marked by the thin rectangle in (d), showing their similar surface heights of ~1.3 A. The tunneling conditions for STM imaging: (a) and (d)

Ve =2V,I; =0.1nA,and (c) V3 = 0.1V, Ir = 1 nA.

the STM height profile along the white dashed line across an
oxygenated Cu terrace and its upper and lower CuAu terraces
in Fig. 4(a), where the step heights of ~1.71 and ~2.01 A are
consistent with the monatomic step heights between the upper
CuAu terrace (A) and the wide lower oxygenated Cu terrace
and the monatomic step between the oxygenated Cu terrace
(B) and the bottom CuAu terrace (C), respectively. Figure 4(c)
shows an atomically zoomed-in STM image of the region
marked with white dashed box c in Fig. 4(a), which confirms
the ¢(2 x 2)-O superstructure formed in the oxygenated Cu
terrace. Clusters with a lateral size of ~4 A are also visible in
the STM image, and the surface height of clusters are revealed
later by the STM line profile [Fig. 4(e)].

Figure 4(d) shows a zoomed-in STM image of the region
with a long strip in the ¢(2 x 2)-O oxygenated Cu terrace,
as marked with white dashed box d in Fig. 4(a). The atomic
structure of these long bright strips cannot be resolved clearly
from the STM image. Figure 4(e) illustrates the STM height
profile across the strip and clusters, as marked by the thin
rectangle in Fig. 4(d), showing a similar surface height of
~1.34 + 0.02 A for the cluster (H) and strip (I). The similar
surface heights of the strips and clusters suggest that they
are composed of the same type of atomic species. As eluci-
dated later by XPS analysis in Fig. 6 and DFT modeling in
Fig. 9, these strips and clusters are composed of Cu atoms
and formed via the aggregation of Cu adatoms generated from
O-attack-induced decomposition of the CuAu terraces (the de-
composition of the CuAu terraces also results in Au adatoms
that dissolve in the bulk because of the lack of oxygen affinity
for Au). The absence of the clusters on the CuAu terraces
indicates that Cu adatoms prefer to stay on the ¢(2 x 2)-O
terraces rather than on the CuAu terraces due to the anchor-
ing effect from the adsorbed O on stabilizing the clusters of
Cu adatoms.

Figure 5(a) displays an STM image of the surface morphol-
ogy after 2400 L of the O, exposure. Compared with the lower

O, exposures shown above, the surface now has improved
smoothness with the more straightened morphology of the
step edges. Meanwhile, the number density of Cu clusters is
significantly reduced, but with an increased average size. As
indicated by white arrows, each terrace has long bright strips
of Cu adatoms, suggesting nearly complete decomposition of
all the CuAu terraces, thereby transforming almost the entire
surface to the oxygenated Cu termination. This is confirmed
by the atomically zoomed-in STM image [the bottom-left
inset of Fig. 5(a)], showing the formation of the ¢(2 x 2)-O
superstructure by O adsorption into the hollow sites of the
Cu terraces. The upper-left corner region (marked with the
black arrow) shows a very small terrace, which is a reminder
of the undecomposed CuAu terrace. The decomposition of the
CuAu terraces also transforms the monatomic steps between
adjacent CuAu and Cu terraces into bilayer atomic steps. This
is confirmed by measuring the step heights across the different
terraces in Fig. 5(b), where the surface profile is obtained
along the black dashed line in Fig. 5(a). All the steps now
have the surface height of ~3.81 £ 0.04 A, which is the sum
of the heights of monatomic steps shown in Figs. 2—4.

Figure 5(c) is an atomically resolved STM image of the
oxygenated Cu terrace, as marked with white dashed box c
in Fig. 5(a), confirming the presence of Cu clusters on the
¢(2 x 2)-O surface. The upper-right inset of Fig. 5(a) is a line
profile across the Cu cluster marked by the black dashed line,
showing a surface height of ~1.90 A and a lateral size of ~1.1
nm. Figure 5(d) shows a zoomed-in STM image of the region
containing several strips in the c(2 x 2)-O terrace, as marked
with white dashed box d in Fig. 5(a). Figure 5(e) is the STM
line profile along the white dashed line across two strips (H,
I) marked in Fig. 5(d), showing the strip heights of ~1.60
+ 0.04 A, which are ~0.3 A higher than the surface height
(~1.34 A) of the strips for the shorter time of the O, anneal-
ing [Fig. 4(e)]. As opposed to the lower O, exposures, the
increased sizes (both laterally and vertically) of the clusters
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FIG. 5. (a) Scanning tunneling microscopy (STM) image (size: 300 x 300 nm?) of the Cu3Au(100) surface after 2400 L of O, exposure at
350 °C. The white arrows mark the formation of Cu strips in the oxygenated Cu terraces. The black arrow marks the remaining, undecomposed
CuAu terrace. The bottom-left inset is an atomically zoomed-in STM image (size: 1.5 x 1.5nm?) of the oxygenated Cu terrace, overlaid
onto the STM image is the ¢(2 x 2)-O superstructure. (b) STM line profile along the black dashed line across the multiple terraces in (a). (c)
Zoomed-in STM image (size: 10 x 10 nm?) of the region with Cu clusters, as marked with white dashed box c in (a). The bottom-left inset is
the surface height profile along the black dashed line across a Cu cluster. (d) Zoomed-in STM image (size: 20 x 20 nm?) of the region with
Cu strips, as marked with white dashed box d in (a). (¢) STM surface profile along the white dashed line across Cu strips H and I in (d),
showing their similar surface heights of ~1.5 and ~1.6 A, respectively. The tunneling conditions for STM imaging: (a) and (d) V3 = 1.5V,

Ir =0.1nA, and (¢c) V3 = 0.1V, Iy = 1 nA.

and strips are induced by a three-dimensional ripening process
of Cu adatoms during the prolonged O, annealing, which
results in fewer but larger clusters, as shown in Fig. 5(a). STM
imaging of the Cu3Au(100) surface after the O, exposure
at 100 °C shows similar behavior of the oxygen-adsorption-
induced decomposition of the topmost CuAu plane (data not
shown), albeit with slower kinetics.

B. AP-XPS measurements

To complement the above STM observations that pro-
vide microscopic information on the surface morphology and
atomic structure changes induced by the oxygen attack, AP-
XPS is employed to monitor the temporal evolution of surface
composition and chemical state during the O, exposure. As
shown in Fig. 6(a), the Au 4f region of the XPS spectra
obtained from the pristine Cuz Au(100) (under UHV) consists
of Au 4f7,, and Au 4f5,,, each of which can be deconvo-
luted into two components, located at the binding energies
of 84.0 and 83.5 eV for Au 4f7,, and 87.5 and 87.0 eV
for Au 4f5/,, respectively. As marked in Fig. 6(a), the two
components correspond to surface (S) Au and bulk (B) Au,
and their binding energies are consistent with previous work
on the Cu-Au alloys [12,20,32,33]. Figure 6(a) illustrates that
the peak intensity of the surface Au component decreases
gradually upon the continued exposure of the CuzAu(100)
to pO; =1 x 107% Torr and 350°C. After ~40 min of the
O, exposure, the surface Au peak disappears completely. By
contrast, the bulk Au component only has a slight increase in
the peak intensity, and its binding energy remains the same at
84 eV. This is further evident from the temporal evolution of
the integrated intensities of the surface Au and bulk Au peaks
in Fig. 6(b), which shows that the peak intensity for surface
Au drops quickly while the peak intensity of bulk Au only

increases slightly and then reaches a saturated level during the
continued O, exposure. As illustrated from the STM imaging
in Figs. 2-5, the O adsorption leads to the decomposition of
CuAu terraces, which results in Cu and Au adatoms. As shown
here by the XPS measurements, the complete disappearance
of the surface Au peak reveals that Au adatoms actually dis-
solve into the bulk, and the surface clusters observed in the
STM images (Figs. 3-5) are formed by the aggregation of
Cu adatoms supplied from the decomposing CuAu terraces.
Meanwhile, the relatively constant intensity of the bulk Au
peak indicates that Au travels into the deeper subsurface re-
gion. Meanwhile, the O;-induced surface termination of Cu
is further confirmed by XPS measurements with different
incident photon energies. As shown in Fig. 6(c), the Au4f and
Cu 3p region taken with the lower photon energy of 400 eV
shows the absence of Au 4f signal, suggesting that the top
surface is terminated as nearly pure Cu. The Au 4f peak
emerges stronger in intensity with the higher photon energies
of 1150 and 1250 eV, indicating the higher Au concentration
in the deeper subsurface region.

The oxygen-attack-induced decomposition of CuAu-
terminated terraces is corroborated by monitoring the cor-
responding O 1s spectra as a function of the O, exposure
[Fig. 6(d)]. The pristine surface is O free, as confirmed by
the absence of any detectable intensity from the O 1s region
under UHV [the bottom panel in Fig. 6(d)]. Exposure to
pO, = 1 x 10~®Torr and 350 °C (same as the STM experi-
ments above) results in appreciable intensity in the O 1s core
level, indicating the O uptake by chemisorption that results
in the ¢(2 x 2)-O superstructure on Cu-terminated terraces,
as shown by the above STM imaging (Figs. 2-5). Figure 6(e)
corresponds to the evolution of the integrated intensities of the
O Is spectra as a function of the O, exposure time. By com-
bining the STM imaging shown in Figs. 2-5, it can be known
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FIG. 6. (a) Temporal evolution of Au-4f x-ray photoelectron spectroscopy (XPS) spectra taken with the incident photon energy of 400 eV
during the exposure of the Cu3Au(100) at 350 °C to pO, = 1 x 107 Torr. S (in red) and B (in gray) correspond to the surface Au and bulk
Au contributions, respectively. (b) Evolution of the integrated area of the surface Au and bulk Au peaks as a function of O, exposure time.
(c) Au 4f and Cu 3p spectra of the Cuz Au(100) measured at 350 °C and pO, = 1 x 10~ Torr with the incident photon energies of 400, 1150,
and 1250 eV, respectively. (d) Temporal evolution of O 1s spectra taken with the incident photon energy of 650 eV during the exposure of the

Cu3Au(100) at 350 °C to pO, = 1 x 107 Torr. (e) Integrated intensities

of the O 1s spectra during the continued O, exposure. (f) and (g) Cu

2p and Cu L3MysM spectra confirming the metallic state of Cu during the O, dosing.

that the continued increase in the O ls intensity is caused
by the ¢(2 x 2)-O formation on Cu-terminated terraces and
the O-attack-induced decomposition of CuAu terraces, where
the latter results in the formation of monatomic depressions
with the ¢(2 x 2)-O formation on the exposed Cu plane of
the bottom of the surface pits. Figures 6(d) and 6(e) show
that continued O, exposure brings stronger intensity to the
O Is spectra but does not induce noticeable changes in the
peak position, confirming that the oxidation condition (pO,,
T) employed here allows for building up more chemisorbed O
on the surface but is not sufficient to drive the transformation
of the ¢(2 x 2)-O to other O chemisorbed phases (such as
the (2+/2 x +/2)R45°-0O missing-row reconstruction) or bulk
oxide formation, as observed from the oxidation pathway
of Cu(100) [13,29,34-36]. The surface oxidation not going
beyond ¢(2 x 2)-O is also confirmed by the coordinated Cu
2p [Fig. 6(f)], where the shape and position of the Cu 2p
core level peaks remain the same for the pristine and the
0,-exposed surfaces, indicating that Cu remains its metallic
state. This is further corroborated by the Cu L3M45M45 Auger
spectra that are also acquired to confirm the valence states of
Cu, as shown in Fig. 6(g). The pristine CuzAu(100) surface
shows the Cu LMM line peak at a kinetic energy (KE) of 918.6
eV, which is associated with metallic Cu’. The subsequent

0, exposure at pO, = 1 x 107®Torr and 350 °C results in no
changes in the line position and shape of the Cu LMM spectra.
The combined STM, XPS, and Auger measurements confirm
that Cu largely maintains its metallic state (Cu®), although the
surface is covered with chemisorbed O.

C. LEIS measurements

To complement the XPS measurements of the surface com-
position averaged over a few atomic layers (i.e., the thickness
corresponding to the mean free path of photoelectrons), LEIS
is also performed to monitor the O-adsorption-induced com-
position evolution in the topmost atomic layer only. The LEIS
spectra are taken with 1499 eV He™ and the scattering angle of
135°, under which a good mass separation between Au and Cu
can be ensured in combination with a high detector efficiency.
We firstly measure the ISS spectra from pure Cu and pure
Au samples to obtain the elemental sensitivity factors. The
elemental sensitivity factor does not depend on the chemical
environment of an atom in the surface [37]. The surface com-
position of the CuzAu(100) can be directly quantified with
the ISS peak intensities modified by the sensitivity factor of
Cu and Au. Figure 7(a) shows the LEIS spectra, in which
the three peaks located at KE = 626, 1209, and 1399 eV

075422-8



ATOMISTIC MECHANISMS OF THE INITIAL ...

PHYSICAL REVIEW B 105, 075422 (2022)

55.88%

@
=]

151.48%

140 min in O2 Ci

i o Au
) U_A
410 minin Oz n

] Pristine \ ”

] ol
400 600 800 1000 1200 1400 1600 0 10 20 30 20
KE (eV) Oxidation Time (min)

(a) (b)

42.64%

N
o

—a—Cu
—eo— Au
—— 0

Intensity (a.u.)

N
o

Surface Concentration (%)

1.48%

<)

~ ~ »~ Experimental Data
4 — Fitted JMAK

o
©

o
o

o
IS

o
[N}

¢(2x2)-O Fractional Coverage

o
=)

500 1000 1500 2000 2500
t(s)

(c)

o

FIG. 7. (a) Temporal evolution of low-energy ion scattering
(LEIS) spectra obtained from the Cu3;Au(100) during the exposure
of the CuzAu(100) at 350 °C to pO, = 1 x 10~ Torr. (b) Evolution
of the composition of Au, Cu, and O in the topmost surface layer as
a function of the O, exposure time. (c) Evolution of the ¢(2 x 2)-O
fractional area coverage as a function of the O, exposure time, and its
fit to the IMAK equation X () = 1 — exp(—kt"), where n = 2, and
k=3.8x10""s72

correspond to O, Cu, and Au, respectively. For the pristine
surface under UHYV, there is no detectable O signal, and the
Cu and Au peaks show similar intensity. Upon switching from
the UHV to O, gas at pO; =1 x 10~° Torr and 350 °C, the
O peak becomes visible, and its intensity increases with the
continued O, exposure. By contrast, the intensity of the Au
peak decreases and becomes nearly invisible after ~40 min of
the O, exposure.

Figure 7(b) illustrates the surface composition evolution
by quantifying the integrated peak areas of O, Cu, and Au in
the LEIS spectra modified by corresponding atomic sensitive
factor in Fig. 7(a), showing that the O concentration increases,
whereas the Au concentration decreases as a function of the
O, exposure. This indicates an increased O amount whereas
a decreased net amount of Au in the topmost surface with
the continued O, exposure, consistent with the trend derived
from the XPS measurements in Fig. 6. It can be also noted
from Fig. 7(b) that the Cu composition is slightly higher
than the Au composition for the pristine surface, which is
consistent with the STM observation showing that the pristine
surface is dominated by CuAu terraces (consisting of equal
numbers of Cu and Au atoms) along with narrow terraces
having the surface termination of the pure Cu plane (Fig. 1).
Figure 7(b) also shows that the Cu concentration increases
from ~52% in the beginning to ~56% at the end of the
O, exposure (~40 min), corroborating well with the STM
observations (Figs. 3-5) of Cu clusters and strips formed by
the aggregation of Cu adatoms supplied from decomposing
CuAu terraces. Meanwhile, the decreased Au concentration

and its disappearance at the end also confirm the dissolution
of Au adatoms from the decomposing CuAu terraces into the
bulk of the CuszAu crystal.

D. Johnson-Mehl-Avrami-Kolmogorov fit of
the oxygen chemisorption kinetics

The O chemisorption on the Cu3Au(100) occurs via a
nucleation and growth process. This is evidenced by the
formation and growth of monatomic depressions of c(2 x
2)-O domains in CuAu terraces from our STM observa-
tions (Figs. 2-5). This is also consistent with previous
studies suggesting the nucleation and growth mechanism
for oxygen-chemisorption-induced surface phase transforma-
tions on the Cu(110) surface [38,39]. Kinetics of the phase
transformations that occur via nucleation and growth is
commonly addressed through the classic theory of Johnson-
Mehl-Avrami-Kolmogorov (JMAK) [40,41]. For phase trans-
formations in two-dimensional (2D) systems (like surfaces),
the JIMAK theory assumes that the fractional coverage of the
transformed area X (¢) follows an exponential dependence on
time ¢:

X(t) =1 — exp (—kt"), 2)

where n is the Avrami exponent, and k is the reaction
rate constant. The Avrami exponent contains information
about nucleation mechanisms and growth dimensionality (D).
Nucleation mechanisms can be categorized based on how
frequent nucleation occurs in the system. If the formation of
nuclei happens only at the beginning of the transformation
period and growth takes place afterwards, it would then be
identified as site-saturated nucleation, and n = D. By contrast,
if the system keeps adding nuclei with a constant rate over
the entire transformation period, it would be characterized as
the constant nucleation rate mechanism, and n = D + 1. The
rate constant, on the other hand, is computed as k = V2N
for site-saturated nucleation and k ~ 7 v2N, where N is nucle-
ation density, N constant nucleation rate, and v the constant
interface velocity.

The evolution of the ¢(2 x 2)-O fractional area coverage
can be obtained using the LEIS-measured surface composi-
tion of O shown in Fig. 7(b) and by calibrating against the
O concentration at the saturated c(2 x 2)-O coverage (= 1).
Figure 7(c) shows the plot of the ¢(2 x 2)-O fractional area
coverage with respect to the O, exposure time. The solid line
is the best fit to the IMAK equation [Eq. (2)], where n = 2,
k =3.8 x 1077 s72. Based on the c¢(2 x 2)-O fractional area
coverage evolution [Fig. 7(c)], we can present a physical pic-
ture of nucleation and growth for linking the STM imaging
(Figs. 2-5) to the JMAK fitting parameters. The Avrami ex-
ponent value n = 2 obtained from the JMAK fitting indicates
a site-saturated nucleation mechanism of ¢(2 x 2)-O, which
corroborates well with the STM results. As shown in Fig. 1,
the pristine CuzAu(100) surface consists of wide CuAu ter-
races and narrow Cu terraces. After 200 L of O, exposure,
the surface is oxidized into the ¢(2 x 2)-O for the Cu ter-
races and depressions within the CuAu terraces. Therefore,
the nucleation density of ¢(2 x 2)-O can be determined by
counting the number density of Cu terraces and depressions
in the STM images. As shown in Figs. 2-5, the surface
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densities of ¢(2 x 2)-O nuclei can be determined as N =
3.6 x 1074 nm~2, 4.0 x 107* nm~2, and 3.9 x 10~* nm~2
for the O, exposures of 200, 800, and 1800 L, respectively.
This indicates that the c(2 x 2)-O nucleation happens only
at the beginning of the O, exposure, and the continued O,
exposure only leads to the growth of nucleated ¢(2 x 2)-O
domains. This site-saturated nucleation behavior suggests a
surface diffusion mechanism of oxygen that results in an
active zone of capture of oxygen around each c¢(2 x 2)-O
nucleus. That is, oxygen landing inside this capture zone may
migrate to the c(2 x 2)-O nucleus, leading to the growth of the
c(2 x 2)-O nucleus rather than nucleating a new ¢(2 x 2)-O
cluster. Therefore, there is a saturated number density of
¢(2 x 2)-O clusters due to the competition for the capture
of diffusing O on the surface. Meanwhile, we can also ob-
tain experimentally the value of the fit parameter of the rate
constant k = (7 )v>N from the analysis of the STM imaging
of nucleation and growth of ¢(2 x 2)-O clusters. As mea-
sured from the STM images in Figs. 2-5, the values for
the saturated nucleation density and the constant interface
velocity can be determined as N = ~3.83 x 10~*nm~2 and
v =~ 8.6 x 1072nms~! (by approximating a circular shape
of the ¢(2 x 2)-O clusters). Therefore, the rate constant k
has the value of k =3.31 x 1077 s72 which matches very
well with that (k = 3.8 x 1077 s72) from the JMAK fitting in
Fig. 7(c). This excellent agreement between the experiments
(STM and LEIS) and the JMAK fitting demonstrates that the
surface diffusion of oxygen is the dominant mechanism un-
derlying the experimentally observed site-saturated nucleation
and 2D growth kinetics of ¢(2 x 2)-O domains.

E. DFT modeling

The experiments and analysis shown above demonstrate
that the initial oxidation of Cu3Au(100) begins with the
nucleation and growth of ¢(2 x 2)-O domains. Figure 8
schematizes the key feature of the microscopic processes
as identified from STM observations. The pristine surface
consists of narrow Cu terraces and wide CuAu terraces,
which are separated by single-atomic-height steps [Fig. 8(a)].
The O adsorption results in the nucleation of ¢(2 x 2)-O
domains on the Cu terraces and within the CuAu terraces
by locally decomposing the topmost CuAu layer, thereby
exposing the underlying Cu plane and forming monatomic
depressions [Fig. 8(b)]. The continued O, exposure leads to
the growth of ¢(2 x 2)-O domains via the receding motion
of the monatomic steps of CuAu terraces [Fig. 8(c)]. The
O-adsorption-induced decomposition of the CuAu terraces
transforms the entire surface into Cu(100)-like, c(2 x 2)-O
terminated terraces separated by double-atomic-height steps
[Fig. 8(d)]. Although the above microscopic processes are
revealed from the STM observations, two questions naturally
arise as to (i) why monatomic CuAu steps undergo reced-
ing motion to expose the underlying Cu plane and (ii) how
monatomic depressions form within CuAu terraces, both of
which require decomposing CuAu terraces. We attribute the
CuAu decomposition to O adsorption along the step edge and
within the CuAu terraces, which results in the abstraction of
Cu and Au atoms surrounding the adsorbed O.

FIG. 8. Schematic illustrations showing the microscopic pro-
cesses of the initial-stage oxidation of Cu;Au(100). (a) Pristine
Cu3Au(100) consisting of wide CuAu terraces and narrow Cu ter-
races separated by monoatomic steps. (b) O, exposure results in
the nucleation of ¢(2 x 2)-O domains by O adsorption into fourfold
hollow sites of Cu terraces and O-adsorption-induced formation of
surface pits in CuAu terraces. (c) The growth of ¢(2 x 2)-O domains
occurs via O-adsorption-induced decomposition of CuAu terraces
via the receding motion of atomic steps, which results in Cu adatoms
(aggregating into Cu clusters) and Au adatoms (dissolving into the
bulk). (d) O adsorption induced complete decomposition of CuAu
terraces transforms the entire surface into Cu(100)-like, ¢(2 x 2)-O
terminated terraces separated by double-atomic-height steps along
with the formation of Cu clusters on the surface. Yellow, blue, and
red balls represent Au, Cu, and O atoms, respectively, and light blue
balls stand for Cu adatoms.

To further substantiate the O adsorption effect on the CuAu
decomposition, we employ DFT computation to evaluate the
relative stability of Cu and Au atoms in the vicinity of ad-
sorbed O along the step edge and on the CuAu terrace. As
known from the STM images in Figs. 1-6, the preferred ter-
race edge orientation is along the [110] direction. Figure 9(a)
shows the atomic structure of the [110] step consisting of
the lower Cu(100) terrace and the upper CuAu(100) terrace.
There are three crystallographically nonequivalent fourfold
hollow sites for O adsorption along the step edge, marked as
1, 2, and 3 in Fig. 9(a). The O adsorption energies for these
three sites are calculated to be —1.89, —1.71, and —0.92 eV,
respectively. Therefore, site 1, which has five coordinating Cu
atoms (four in the Cu terrace and one beneath), is energeti-
cally most favorable for O adsorption because of the larger
O affinity of Cu than Au. The presence of the adsorbed O at
site 1 also promotes the step-edge detachment of the adjacent
Au on the upper terrace, as marked by the white dashed
circle in Fig. 9(b). This is confirmed by DFT computations
showing the significant decrease in the vacancy formation
energy of the step-edge Au atom from 0.74 eV (before the O
adsorption) to 0.36 eV (after the O adsorption), which is lower
enough for the Au atom to detach from the step edge at the
elevated temperature of the experiment (350 °C). In the same
way, another O atom is adsorbed into the nearest equivalent
fourfold hollow site that also has five coordinating Cu atoms,
thereby inducing the step-edge detachment of the Au atom on
the upper terrace, as shown in Fig. 9(c). Upon the departure
of the two Au atoms, the step-edge Cu atom, as marked by
the white dashed circle in Fig. 9(c), becomes significantly
undercoordinated and detaches spontaneously from the step
edge (with the vacancy formation energy of —0.14 eV). The
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FIG. 9. Density functional theory (DFT) modeling of O-adsorption-induced AuCu decomposition via step-edge and in-terrace detachment.
(a) Stepped Cu3Au(100) surface consisting of Cu-terminated and CuAu-terminated terraces separated by monatomic steps with the terrace
edge orientation along the [110] direction. Three crystallographically nonequivalent fourfold hollow sites are identified for O adsorption in the
vicinity of the step edge. (b) O preferentially adsorbs at hollow site 1 consisting of five coordinating Cu atoms, destabilizing the adjacent Au
atom (marked by the white dashed circle) on the upper terrace. (c) The departure of the second Au atom induces the adsorption of another O
at the adjacent equivalent hollow site of the Cu terrace and results in the spontaneous detachment of the Cu atom (marked by the white dashed
circle) from the step edge. (d) The continued O adsorption at the equivalent hollow sites along the step edge results in the extension of the Cu
terrace. () PDOS of Cu 3d and Au 5d for the pristine step in (a). (f) PDOS of Cu 3d, Au 5d, and O 2p of the step with an adsorbed O atom in
(b). (g) O adsorbs at the bridge site consisting of three coordinating Cu atoms and two coordinating Au atoms, destabilizing the adjacent Au
atom (marked by the white dashed circle). (h) The departure of the Au atom in the CuAu terrace results in the spontaneous detachment of the
Cu atoms (marked by the white dashed circles). (i) The departure of the two Cu atoms results in the formation of two [110] steps (marked with
the red rectangles) that are like the step configuration in (a), where the two fourfold hollow sites (marked by red dashed circles) are subjected

to O adsorption to form the ¢(2 x 2)-O structure.

O-adsorption-induced step-edge detachment of the Au and
Cu atoms exposes the underlying Cu plane, and this leads
to the extension of the lower Cu terrace by the same way of
adsorbing O atoms as the similar fourfold hollow sites with
five coordinating Cu atoms [Fig. 9(d)].

The O-adsorption-induced step-edge detachment is further
elucidated by the projected density of states (PDOS) of the
3d and 5d orbitals of the Cu and Au atoms and O 2p of
chemisorbed O. As shown in Fig. 9(e), the Cu 3d band over-
laps with the Au 5d band below the Fermi level, indicating the
Cu 3d-Au 5d hybridization for the pristine step [Fig. 9(a)].
Figure 9(f) corresponds to the PDOS plots obtained from the
step with adsorbed O adjacent to the Au atom [Fig. 9(b)],
showing the hybridization between Cu 3d and O 2p at —19 eV
and near the Fermi level region. Compared with the pristine
step, the density states of Cu 3d decrease in the Cu 3d-Au
5d hybridization region, and the broadening of the Cu 3d

band results in a tiny density shoulder near the Fermi level
to overlap with O 2p, indicating the weakening of the Cu-Au
bond because of the decreased charge transfer from Cu to Au.
This is also confirmed by the Bader charge analysis of the
pristine and O adsorbed steps. The Cu and Au atoms within
the pristine step have the Bader charges of 10.89e and 11.35e,
respectively. The O adsorption at the step edge [Fig. 9(b)]
results in a large decrease in the Bader charge of the Cu atom
to 10.66e but a smaller increase (11.31 eV) by the Au atom.
This indicates the increased electron transfer from Cu to O but
decreased electron gain by Au.

We then examine O-adsorption-induced pit formation in
the CuAu terrace. Figure 9(g) shows the CuAu terrace, in
which the fourfold hollow site is found to be more favor-
able than the neighboring bridge site for O adsorption. The
presence of adsorbed O at the hollow site promotes the ab-
straction of the adjacent Au from the terrace, as marked by
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the white dashed circle in Fig. 9(g). This is shown by the
change in the vacancy formation energies of the Au atom,
which are calculated to be 0.94 and 0.56 eV before and after
the O adsorption. Upon the abstraction of the Au atom, the
adjacent Cu atoms, as marked by the white dashed circle in
Fig. 9(h), become undercoordinated, and their small vacancy
formation (0.24 eV) makes these Cu atoms readily detach
from the surface at the elevated temperature of the experiment.
The O-adsorption-induced departure of the Au and Cu atoms
results in a ML pit in the CuAu terrace and thus exposes the
underlying Cu plane. As marked by the red solid rectangles in
Fig. 9(i), the Cu-Au-Cu rows adjacent to the surface pit locally
have the same step-terrace configuration as that in Fig. 9(b),
and the hollow sites marked with the red dashed circles have
five coordinating Cu atoms and thus are more favorable for O
adsorption. In the same manner as shown in Figs. 9(b)-9(d),
O adsorption at these hollow sites of the exposed Cu plane
significantly destabilizes the Au and Cu atoms along the step
edge. The continued O adsorption results in the exfoliation
of the CuAu layer along with the nucleation and growth of
the ¢(2 x 2)-O on the exposed Cu plane, as shown in our
STM images (Figs. 2-5). As also shown from our STM ob-
servations, the Cuz Au(100) consists of a high density of steps
and terraces, and oxygen-adsorption-induced decomposition
of the topmost CuAu layer tends to happen more readily from
the steps. This is consistent with DFT calculations, showing
that the CuAu decomposition from the terraces requires a
larger energy barrier than that at steps.

IV. DISCUSSION

Cu-Au was studied as the simplest-possible binary alloy
system (only one of the components oxidizes) for under-
standing the effect of the noble metal addition on the
initial-stage oxidation of alloys [14,15,19,35,36,38,42-44].
For the CuzAu(100), it was shown that O atoms preferentially
adsorb at the fourfold hollow sites of the Cu-terminated sur-
face (including the segregation of impurity O in the CuzAu
bulk to the hollow sites of the (100) surface [31]) with no
Au detected in the first layer [26,31,53,45-52]. However, the
microscopic mechanism for the O-adsorption-induced forma-
tion of the Cu-terminated surface has not been identified.
On one hand, our results have shown that the O, exposure
results in the Cu-terminated ¢(2 x 2)-O surface, which is con-
sistent with previous studies. On the other hand, our results
provide insight into the microscopic process underlying the
formation of the Cu-terminated surface. Counterintuitive to
the common expectations of the adsorbate-induced surface
segregation of the more reactive alloy component [33,46,53—
56], our observations demonstrate that the formation of the
Cu surface termination occurs via the O-adsorption-induced
decomposition (de-alloying) of the topmost CuAu surface
layer. As shown from the STM imaging and LEED (Fig. 1),
the pristine Cu3Au(100) surface is dominated by CuAu-
terminated terraces separated by monatomic steps and narrow
Cu-terminated terraces. The O, exposure results in the O-
adsorption-induced decomposition of the CuAu terraces via
the receding motion of the existing atomic steps as well as
the nucleation of ML depressions in the CuAu terraces and
their subsequent growth induced by the retraction motion of

the resultant monatomic steps. This is like the exfoliation that
leads to the peeling off of the outermost CuAu layer, thereby
exposing the inner Cu plane to the O attack.

The O-adsorption-induced decomposition of the topmost
surface layer is like a chemical peeling procedure in which a
chemical solution is applied to the surface to remove the top
layers. This chemical peeling bears a clear difference from the
O-adsorption-induced surface segregation, although both re-
sult in a Cu-terminated Cu surface. The O-adsorption-induced
surface segregation requires counter diffusion of Au and Cu
atoms between the surface and subsurface regions. That is,
the surface segregation of Cu atoms from the subsurface layer
is accompanied with the inward diffusion of Au atoms in
the topmost layer, for which Cu is depleted from the inner
layers, whereas Au is enriched in the subsurface. By con-
trast, the O-adsorption-induced surface peeling process itself
does not require the mass exchanges between the surface and
subsurface because it only involves the topmost layer, which
therefore does not induce significant composition changes to
the subsurface region. This is confirmed by our STM imaging
(Figs. 2-5), showing the formation of Cu clusters via the
aggregation of Cu adatoms supplied from the decomposing
CuAu surface layer and dissolution of resulting Au adatoms
into the subsurface of the CuzAu crystal. The latter is corrobo-
rated by the depth-resolved AP-XPS and LEIS measurements
(Figs. 6 and 7), showing the absence of Au in the surface
but enrichment of Au in the subsurface region during the O,
exposure.

These fundamental insights may have practical impli-
cations. As shown above, the CuzAu surface can easily
decompose into Cu and Au adatoms with low O, pressure, and
the Cu adatoms subsequently aggregate into clusters along the
dissolution of Au adatoms into the bulk. The Cu clusters may
be oxidized into CuO, islands upon continued O, exposure or
with a higher oxygen chemical potential, which may serve as
oxide nuclei for further oxidation. This is in line with the in
situ electron microscopy observations showing the formation
of Cu,0 islands from Cu-Au oxidation at higher O, pressure
and temperature [S7-61]. As oxidation continues, particularly
at large O, pressures, oxide islands impinge and result in
interfaces (grain boundaries) in the oxide film, which may
serve as short-circuit diffusion paths for outward diffusion of
Cu atoms or inward diffusion of O atoms and thus lead to
poor oxidation resistance. Therefore, a control in the density
of the Cu clusters in the very early stages of the oxidation may
provide control over the nucleation density of the oxide is-
lands and thus the microstructure feature of the oxide film. As
shown in Figs. 2-5, the longer O, annealing can significantly
reduce the surface density of Cu clusters. It is reasonable to
expect for the further reduction in the number density of Cu
clusters with a higher annealing temperature to enhance the
surface diffusion of Cu adatoms.

Another case is heterogeneous catalysis that utilizes Cu
and Cu alloys as catalysts for various catalytic oxidation re-
actions. For instance, bimetallic Cu-Au alloys have attracted
considerable attention recently as improved catalysts in CO
oxidation [2], propene epoxidation [62], and benzyl alco-
hol oxidation [63]. These catalytic reactions initiate from
the surface oxidation of the alloy, where the catalytic activ-
ity depends on the surface termination, composition, atomic
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structure, and morphology. As shown from our experiments
and modeling, the O, exposure results in the decomposition of
the CuAu-terminated surface layer into many single adatoms
of Cu and Au (before dissolving into the bulk for the latter)
and their clusters along with the O adsorption into the fourfold
hollow sites of the Cu-terminated surface layer. Our results
indicate that relative surface densities of these atomic species
and their clustering behavior can be controlled by O, an-
nealing conditions such as temperature and oxygen pressure.
The interplay among these single adatoms, their clusters, and
chemisorbed O may play an important role in influencing
the dynamic evolution of the catalytic performance. Further
investigations are needed to elucidate such interplay.

V. CONCLUSIONS

The microscopic process underlying the initial-stage oxi-
dation of CuszAu(100) has been investigated using a combi-
nation of surface science tools and atomistic modeling. The
pristine surface consists of wide CuAu terraces and narrow
Cu terraces separated by monatomic steps. The oxygen ex-
posure induces decomposition (de-alloying) of the topmost
CuAu layer via the receding motion of atomic steps and nu-
cleation/growth of ML pits in CuAu terraces, which results
in many Cu adatoms aggregating into Cu clusters and Au
adatoms dissolving into the bulk. This O-adsorption-induced
peeling off of the CuAu layer exposes the underlying Cu plane
to the O attack. The O adsorption into the fourfold hollow

sites of the exposed Cu plane results in the nucleation and
growth of the ¢(2 x 2)-O superstructure, which can be fit well
by the JMAK theory with site-saturated nucleation. We expect
that the present results may also be relevant to the behavior of
other alloys composed of both reactive and noble components,
for which the dramatic difference of the chemical reactivity of
the alloying elements may drive the de-alloying at the surface.
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