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Signatures of oxygen on CuzAu(100): From isolated impurity to oxide regimes
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We analyze the scanning tunneling microscopy (STM) signatures for the O/CuzAu(100) surface from the
low-coverage (isolated impurity) to high-coverage (oxide) regimes. First-principles calculations show that
oxygen signatures switch from dark to bright spots as the oxygen coverage increases. This behavior is nicely
traced back to a change in the oxygen orbital character of the Fermi-level electronic states. Our results allow
for the chemical identification by STM of oxygen and copper atoms in the fully ordered O/CuzAu(100)-c(2

X 2) surface.
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I. INTRODUCTION

The study of oxygen on metallic surfaces is important
from both fundamental and technological points of view.
Oxygen atoms can be present in different concentrations on
the surface, ranging from very small amounts (isolated-
impurity limit) to a full coverage of chemisorbed oxygen in
the monolayer regime and then finally to three-dimensional
oxide growth. In the high-coverage limit, the surface can be
rather viewed as a metal oxide, and the chemical identifica-
tion of the oxygen atoms using tools such as scanning tun-
neling microscopy (STM) may not be a trivial task.

Copper and its alloys have wide industrial applications
and there is the interest for studies of oxidation mechanisms,
especially pertinent in Cu,O formation."> In particular,
CuzAu as an ordered alloy has a cubic L;, structure and
low-energy electron diffraction (LEED), ion-scattering spec-
troscopy, and STM data for the (100) surface suggest that it
has Au-rich terminations, with Au 50% and Cu 50%, and
Cu-rich second layer, with 100% Cu.? Recent ab initio cal-
culations based on density-functional theory (DFT) of the
surface energy as a function of the Cu chemical potential
have confirmed these results* and have provided chemical
identification of Au and Cu atoms at the surface.

Recently, we have reported that well-ordered transition-
metal oxide films on a metallic substrate can be prepared by
using a Cu3Au(100) substrate with implanted oxygen
(CAOS, CusAu-oxygen substrate).” Because the CusAu(100)
surface appears virtually inert against molecular oxygen ad-
sorption, the initial procedure in this technique is the implan-
tation of O atoms by sputtering using 200 eV O*. After heal-
ing out the sputter defects and by that restructuring the
surface area by subsequent annealing, a flat and a well-
ordered O/Cu3Au(100)-c(2X2) surface is formed. This
oxygen-rich CuzAu surface [oxygen atom coverage of 1/2
monolayer (ML)] was first studied by Niehus and Achete?
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using ion scattering, LEED, STM, and direct recoil spectros-
copy. They found that, after saturation with oxygen, the sur-
face is no longer terminated by the CuAu plane but instead
by the Cu plane with oxygen adsorbed in the fourfold hollow
sites above subsurface Cu atoms and by that also maintaining
the ¢(2X2) symmetry [see Fig. 1(a)]. This result is consis-
tent with the idea that Cu forms a stable Cu,O oxide while
Au does not. Similarly, Okada et al.'? obtained the same
oxygen coverage on Cu;zAu(100) using a hyperthermal O,
molecular beam. After such a treatment, an oxygen-induced
Cu segregation has been reported.

The STM images of the O/CuzAu(100)-c(2X2) surface
reveal the surface periodicity by a network of bright
protrusions.> However, chemical identification of oxygen or
copper sites has not been achieved so far. For other metals or
metal alloys, in the single-impurity or low-concentration
limit, atomic oxygen usually produces dark spots in the scan-
ning tunneling microscopy images.® For instance, in the
work of Wiame et al.,” for the initial stages of oxygen ad-
sorption on Cu(111), the appearance of dark spots (depres-
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FIG. 1. (Color online) Top view for (a) 1/2 ML, (b) 1/8 ML, and
(c) 1718 ML oxygen atom coverage on Cu3Au(100). Green, yellow,
and bronze balls represent oxygen, gold, and copper, respectively.
Both first-layer and second-layer atoms can be seen. All gold atoms
belong to the second atomic layer and oxygen sits in hollow sites of
the first layer, on top of second-layer copper atoms. The areas
marked with dashed lines represent the surface unit cell in each
case.
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sions) with Cj local symmetry was reported, which were
attributed to oxygen atoms occupying threefold hollow sites
at the surface. Similarly, STM experiments for low oxygen-
atom coverage on Cu(100) also show isolated dark spots.®
Therefore, one could be tempted to assign the bright spots of
the O/CuzAu(100)-c(2X2) surface to the Cu atoms and the
dark spots to O atoms. Indeed, for the related
O/Cu(100)-¢(2 X 2) surface, previous STM studies have ten-
tatively assigned the dark spots in the images to oxygen
atoms.’

In this work, we show that bright spots in the STM im-
ages of the O/CuzAu(100)-¢(2X2) actually correspond to
oxygen atoms. In particular, they are assigned to electronic
states near the Fermi level with a large component of oxygen
p, orbitals sticking out of the surface. As the oxygen concen-
tration gradually decreases, the oxygen orbital character of
the Fermi-level states changes from p, to (py, py), and then
the oxygen atoms appear as dark spots in the isolated-
impurity limit.

II. EXPERIMENTAL SETUP

All experiments were carried out in ultrahigh vacuum
(base pressure 5X 107'" mbar), following the CAOS
method” to create a flat Cu;Au(100)-oxygen surface® by oxy-
gen implantation and subsequent annealing. The ultrahigh-
vacuum system is equipped with variable-temperature STM
(OMICRON), LEED, and Auger-electron spectroscopy
(AES) facilities. The CuzAu(100) was initially treated by
several cycles of 1 keV Ar* sputtering at room temperature
and subsequent annealing at 800 K, until no detectable im-
purities were found with AES. Thereafter, the sample was
held overnight at about 650 K followed by slow cool down
to room temperature in order to allow bulk and surface or-
dering getting complete. The resulting LEED pattern then
showed a ¢(2X2) superstructure with sharp LEED spots,
typical of the clean Cu3zAu(100) surface. Then the crystal
was sputtered by oxygen at room temperature (E=500 eV,
P02<2>< 107 mbar , 30 min). Subsequent annealing at T
>650 K (5 min) drives oxygen out of the bulk toward the
surface, healing out all sputtering defects and forming the
ordered O/Cu3Au(100)-c(2 X 2) structure. All STM images
were acquired at room temperature by the use of etched tung-
sten tips in the constant current mode.

III. THEORETICAL METHODOLOGY

Our ab initio DFT (Refs. 10 and 11) calculations are
based on the local-density approximation using periodic
boundary conditions. We adopt the exchange-correlation
functional parametrized by Perdew and Zunger.'> We use
ultrasoft pseudopotentials'> and a plane-wave basis with
maximum kinetic energy of 40 Ry, as implemented by the
PWSCF code.' Valence shells with 11, 11, and 6 electrons
were considered for Cu, Au, and O, respectively.

The clean Cu3Au(100) surface is modeled by a symmetric
slab geometry with five layers. The slabs consist of two lay-
ers with Cu:Au 1:1 and three Cu planes (one at the slab
center and two at the surfaces). The lateral lattice parameter
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of the supercell was kept fixed at the theoretical bulk value
(7.08 bohrs). Along the axis perpendicular to the surface, a
large (56 bohrs) lattice constant was used as to provide a
substantial vacuum region. Three models were prepared to
investigate 1/2, 1/8, and 1/18 ML of oxygen atoms on
CuzAu, and Fig. 1 shows their top views. The 1/2 ML struc-
ture corresponds to a topmost copper-oxygen plane with
Cu,O stoichiometry on a (1X1) reconstruction of
Cu3Au(100) surface. We refer to this structure as c¢(2X?2),
and this nomenclature makes reference to the original fcc
lattice of the pure systems (bulk Cu or Au). Accordingly, the
1/8 and 1/18 ML structures correspond to (2X2) and (3
X 3) supercells of the CuzAu(100) surface. Calculations for
the isolated O, molecule (needed for the computation of ad-
sorption energies) are performed with spin polarization.

We used 6 X6 X1, 3X3X1, and 2X2X 1 k-point sam-
plings of a Monkhorst-Pack'> grid for 1/2 ML, 1/8 ML, and
1/18 ML, respectively. Only atomic positions of oxygen and
surface copper atoms were optimized, the atomic coordinates
for the three layers in the center of the slabs were kept fixed.
The Cartesian forces at the atomic nuclei were minimized
until 0.001 Ry/bohr. For the simulations of STM images, we
used Tersoff-Hamann approximation in which the tunneling
current is proportional to the local density of states (LDOS)
at the position of the tip, integrated in the bias.'®!” We use
0.1 eV above the Fermi level (empty states) as the energy
window for integrating the LDOS for simulated STM im-
ages. The images for filled states in the corresponding energy
range look identical. Slab and isosurface images were gener-
ated by XCRYSDEN.'$

IV. RESULTS AND DISCUSSION

Our experimental STM results are presented in Fig. 2,
which shows the surface before and after oxygen implanta-
tion and annealing. These results are in accordance with the
findings of Niehus and Achete® for the O/Cu;Au(100)-c(2
X 2) structure. Our STM data provide a corrugation of 0.032
nm. As we mentioned previously, from the STM images
alone one cannot assign the bright spots in the images to any
specific atomic species. However, as we also mentioned,
based on previous knowledge for isolated O impurities, one
would be tempted to assign the bright spots (dark circles) to
Cu and the dark sites (white circles) to the O positions.

This uncertainty is resolved with the help of our ab initio
calculations. Initially, we search for the most stable oxygen
arrangement for 1/2 ML coverage by testing the fourfold
hollow sites above subsurface Cu atoms or Au atoms. The
most stable structure is the former, in agreement with Niehus
and Achete,® and the calculated energy difference is 0.50 eV
per oxygen atom. The calculated Cu-O distance is 1.92 A,
close the value of 1.97 A obtained by Kangas er al. for
0/Cu(100)."

Then, we compute the adsorption energy per oxygen atom
as a function of coverage as

AE = (Eo/cuzau— Ecuzan— Eo,)/2, (1)

where Eo/cu,au is the energy of the O/CusAu slab, Ecy,au is
the energy of the clean CusAu surface slab, and Eo, of an
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FIG. 2. (Color online) STM images for (a) clean CuzAu(100) surface (Uyp,==150 mV; [;=0.5 nA) and (b) O/CuzAu(100) surface
(Ugp=—20 mV; I;=2.2 nA), with 1/2 ML of oxygen atoms. In panels (c) and (d), are height profiles obtained along the [010] direction of

the clean and O-terminated surfaces, respectively.

isolated O, molecule. The factor of 1/2 accounts for the fact
that we have a symmetric slab, with one oxygen atom in
each surface. Our calculations yield adsorption energies of
-2.67 eV, -2.57 eV, and -2.75 eV for 1/2 ML, 1/8 ML,
and 1/18 ML coverages, respectively, indicating that the
O/Cu;Au(100) surface is strongly stable.’ Moreover, the
adsorption energy for 1/18 ML coverage is more negative
than that of 1/8 ML coverage, indicating an effectively re-
pulsive interaction between oxygen atoms in the isolated-
impurity regime, similarly to what has been found for
O/Cu(100)." However, the 1/2 ML structure seems to be
particularly stable, having a more negative adsorption energy
than the 1/8 ML structure. That may indicate important
changes in the electronic structure of the surface when we go
from the isolated impurity to the oxide regimes, as we will
further demonstrate below by analysis of the simulated STM
images.

Figure 3(a) shows our simulated constant-height STM im-
ages for 1/2 ML oxygen coverage where, surprisingly, the
LDOS maxima (bright spots) are located above the oxygen
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FIG. 3. (Color online) Simulated STM for (a) 1/2 ML, (b) 1/8
ML, and (c) 1/18 ML coverages. The projected positions of the
oxygen atoms are marked with red dots.

atoms (red dots) and not above the copper atoms. Therefore,
the bright spots in our experimental images (Fig. 2) are as-
signed to oxygen atoms. To reconcile this result with the
well-known behavior of isolated oxygen impurities, we per-
formed similar simulations for 1/8 and 1/18 ML oxygen atom
coverages, shown in Figs. 3(b) and 3(c). Then, the expected
result is obtained. The oxygen atoms appear as minima (dark
spot) in the LDOS plot. In particular, for the lowest calcu-
lated coverage, the isolated oxygen STM image appears like
a dark square, in analogy of the experimental data obtained
for oxygen low coverage on Cu (111) by Wiame et al.” where
the oxygen atoms were identified at the center of dark tri-
angles. This is consistent with the fact that Cu;Au(100) has a
C, symmetry axis and Cu (111) has a C; symmetry axis.
Therefore, oxygen atoms appear as bright spots in the high-
coverage (oxide) regime and as dark spots in the low-
coverage (isolated-impurity) regime.

We can further understand this behavior by analyzing the
cross-sectional integrated LDOS, shown in Fig. 4. One

FIG. 4. (Color online) Integrated local density of states for (a)
1/2 ML, (b) 1/8 ML, and (c) 1/18 ML coverages. The color code
goes from red to purple as the density increases.
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FIG. 5. (Color online) Pro-
jected DOS into atomic orbitals
for (a) 1/2 ML, (b) 1/8 ML, and
(c) 1718 ML coverage.
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clearly notices that the LDOS near the oxygen atom re-
sembles p, atomic orbitals sticking out of the surface for 1/2
ML coverage, giving rise to a bright STM spot. On the other
hand, for lower coverages, the oxygen atomic character of
the Fermi-level states appears to be (py,p,)-like, producing a
dark STM spot. This is further confirmed by projecting out
the energy eigenstates into atomic orbitals, as shown in
Fig. 5. In the oxide regime [Fig. 5(a)], the states at the Fermi
level have mostly O(p,) and Cu(d) character so the STM
images are dominated by the former. In the isolated-impurity
limit [Figs. 5(b) and 5(c)], the oxygen character of the
Fermi-level states changes to O(py,p,). Therefore, the
change in STM signatures from impurity to oxide regimes is
can be traced back to a change in the oxygen orbital charac-
ter of the Fermi-level states.

V. CONCLUSIONS

In conclusion, the STM signatures of the oxygen atom in
Cu3Au(100) surfaces show an interesting and nontrivial cov-

erage dependence, appearing as depressions (dark spots) in
the isolated-impurity regime (low coverage) and as protru-
sions (bright spots) in the oxide regime (high coverage). A
change in the orbital character of the Fermi-level states at the
oxygen atoms is responsible for this effect. This behavior
could very well occur in other metallic surfaces, and one
then should be careful to interpret STM measurements for
high coverage based on the behavior of isolated impurities.
Moreover, the theoretical simulation and understanding of
STM images resulted in the chemical identification by STM
of oxygen and copper atoms in the fully ordered
0O/CuzAu(100)-c(2 X 2) surface.
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