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Chainlike Au—O Structures on Au(110)-(1 x r) Surfaces Calculated from First Principles
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We present density functional theory calculations of the adsorption of atomic oxygen on the Au(110) surface.
The stability of oxygen adstructures on various (1 x r) reconstructed surfaces has been investigated, considering
experimentally typical ultrahigh vacuum (UHV) conditions. Three Au—O chainlike structures have been
identified to be especially stable under specific temperature and pressure conditions. These chain structures
are clearly favored over oxygen conglomerates on the (1 x r) surfaces and represent the most stable form of
chemisorbed atomic oxygen on Au(110) surfaces.

Introduction

The noble metal gold is considered as a material of persisting
beauty and value. The fact that gold does not oxidize in air and
the resulting small number of existing gold oxides shows the
low affinity of oxygen and gold toward each other. Due to this
chemical inertness, gold has been seen for a long time as an
uninteresting material for catalytic processes. The interest in
the catalytic properties of gold changed later on upon findings
that nanometer-sized gold particle catalysts supported on various
metal oxides can be highly active in the field of carbon
monoxide (CO) oxidation, even for temperatures as low as 70
K.173

The investigation of such catalytic reactions leads to the
questions, how is the oxygen molecule activated and what is
the nature of the involved Au—O preliminary stages and/or
intermediates in these reactions? Especially the second part of
this problem is directly related to the subject of this paper. In
contrast to the investigation of free and supported nanoparticles/
nanoclusters,*”'% only a few theoretical and experimental studies
were devoted to Au single crystal surfaces. With regard to CO
oxidation, Gottfried et al. investigated adsorption of O and
0,!'!71* oxygen-precovered Au(110)-(1 x 2) surfaces.'> While
molecular oxygen chemisorption has been observed in the
presence of surface impurities,'®!” no dissociative O, chemi-
sorption on clean, extended gold single crystal surfaces has been
observed in recent studies. Sault et al.'® studied O, adsorption
on the missing row reconstructed Au(110) surface using O,
pressures up to 1400 Torr and temperatures between 300 and
500 K. Under no circumstances was any dissociative adsorption
of O, observed by thermal desorption spectroscopy (TDS). This
has been confirmed by Gottfried et al.,!! who pointed out that
no desorption of O, is observed in TDS above 60 K after
adsorption of oxygen on the surface under UHV conditions at
a sample temperature of 28 K. This excludes a partial spontane-
ous conversion of physisorbed oxygen into chemisorbed oxygen.

To overcome the activation barrier to produce chemisorbed
oxygen, different methods have been reported so far: thermal
dissociation,'®!° oxygen ion sputtering,'?> microwave discharge,?
and the use of reactive molecules like NO, or Os.2! In their
investigations, Gottfried et al.'"'3'* produced chemisorbed
oxygen on Au(110)-(1 x 2) by electron bombardment of
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physisorbed O, layers of oxygen molecules. The oxygen species,
produced in that way, has been characterized by a single TDS
desorption peak above 500 K. For low coverages, a second-
order desorption kinetics indicated chemisorbed oxygen atoms.
The corresponding adsorption energy was determined as 140
=+ 3 kJ/mol. Another adsorption state around 490 K for higher
coverages has been attributed to the decomposition of an oxide
species.

The Au(110) single crystal surface shows a characteristic
missing row structure at room temperature. As established by
diffraction techniques**?* and scanning tunneling microscopy,?*%
every second close-packed atomic row in the topmost atomic
layer is missing in this surface reconstruction. As a result, the
periodicity in the [001] direction is doubled with respect to the
structurally relaxed, unreconstructed bulk truncated surface
configuration Au(110)-(1 x 1). Every surface trench, developing
due to reconstruction, consists of two (111)-microfacets. The
Au(110)-(1 x 2) surface is known to undergo two phase
transitions; on the one hand an Ising transition at ~650 K, in
which the surface deconstructs, and on the other hand a three-
dimensional roughening transition at ~700 K,?*?’ coming along
with destruction of two-dimensional surface arrangements.

Additionally, surface reconstructions with deeper trenches
(missing atoms in the second layer) and (1 x 3) periodicity
have been observed on clean surfaces?>** and shown to be stable
up to 350 K.22 Furthermore, the appearance of a (1 x 3)
reconstruction has been observed to occur upon Cs*® or Ca
adsorption.? Deeper corrugations than for Au(110)-(1 x 3) have
not yet been observed.?* (1 x 3) steps on Au(110) can be stable
up to temperatures as high as 500 K, as confirmed by high-
temperature STM.?’

A recently observed property of gold is its tendency to form
freely suspended metallic chains (atomic nanowires) during the
mechanically controlled “breaking” of atomic-scale gold con-
tacts.’® These chain structures consist of one Au atom in
diameter and several Au atoms (4—8 Au atoms®**!) in length
and hence form a “quasi-one-dimensional” system. In line with
theoretical investigations,*? the observed®* Au—Au distance in
the created gold chains is 2.5 & 0.2 A under cryogenic vacuum
conditions. In experimental high-resolution transmission electron
microscopy (TEM) studies at room temperatures, unusually long
Au—Au bond lengths of ~3.0 — 3.6 A* have been observed.
Also even longer Au—Au distances up to ~4.0 A» were
reported.
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A possible explanation of these unusually long Au—Au
distances and the contradictory results is the incorporation of
light foreign atoms (H,* C,* O*) in this type of nanostructures
that cannot be observed in TEM. Bahn et al.*? demonstrated in
a DFT study on adsorption-induced restructuring of gold
nanochains that these long Au—Au bonds are in agreement with
the oxygen-binding properties of Au chains. The oxygen
incorporation leads to a new type of Au—O nanochain that binds
oxygen “unexpectedly” strong. The chemisorption energy of
oxygen atoms in the considered Au—O chain has been calculated
to 1.5 eV per two oxygen atoms relative to the energy of the
free molecule. Furthermore, the conductance of one quantum
unit is the same for the Au—O chains as for a pure gold chain.

In search of the reconstruction driving force of the Au(110)
missing row surface, the reconstruction tendencies of gold, as
well as its 5d periodic table neighbors, iridium (Ir) and platinum
(Pt), have been related to strong relativistic effects in these
elements.>® Furthermore, it has been argued that the relativistic
nature of gold*>*° might represent the common origin of surface
reconstruction and the formation of Au chainlike structures.*!#?
This argument is supported by the fact that suspended single-
atom chains of silver (Ag), where the (110) surface does not
show the reconstruction characteristics known from the Au(110)
surface, are of two, or rarely three, single-atom lengths.31
Recently, some studies demonstrated that oxygen not only
stabilizes the formation of Au nanochains but also significantly
enhances the formation of Ag chains.!#?

In this work, we extend our earlier investigations of the
adsorption of atomic oxygen on various reconstructions of the
Au(110) surface® to more complex oxygen adstructures and
identify possibly stable oxygen adstructures by combining DFT
total energy calculations with thermodynamics.*~#

The paper is organized as follows: In section II, we describe
our methodological approach. In section III, the results of our
calculations are presented and discussed, starting with a short
description of the surfaces considered and then turning to a
description of the geometries and energetics of various O/Au(110)-
(1 x r) structures. The largest part of this section is dedicated
to the description of chainlike Au—QO structures on the surfaces
and their thermodynamical stability. Our theoretical results are
compared to experimental findings, and several sources for
discrepancies in the stability range are discussed in detail.
Finally, section IV summarizes the work.

Methodology

We have performed first principles density functional theory
(DFT) calculations with the Vienna ab initio simulation package
(VASP).*® The Kohn—Sham equations were solved using the
generalized-gradient XC-functional approximation proposed by
Perdew and Wang (GGA-PW91).* The electron—ion interaction
was described by the projector-augmented wave (PAW)
method.”®>! In the PAW data, scalar relativistic corrections are
contained. Throughout this work, an energy cutoff of 400 eV
was used to expand the wave functions into the plane wave
basis sets. The Brillouin zone integration was performed using
a cell size dependent Monkhorst—Pack k-point sampling.>?
Calculations in (2 x 2) surface unit cells (SUC) are based on
(8 x 6 x 1) k-points. The k-point sets were chosen to have
approximately the same k-point density for calculations using
different sized SUCs. The first-order Methfessel —Paxton smear-
ing method with a width of 0.2 eV has been used. For gas phase
calculations of atomic and molecular oxygen, only the I'-point
has been used.

The surface slabs were modeled with eight layers of metal
atoms and a vacuum region of ~11.8A. The two bottom layers
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Figure 1. Schematic side views of the geometric shape of (a) the
unreconstructed Au(110)-(1 x 1) and the reconstructed missing row
type surfaces (b) Au(110)-(1 x 2) and (c) Au(110)-(1 x 3). Various
considered adsorption sites (TP, top; SB, short bridge; LB, long bridge;
HL, hollow; PT, pseudo-3-fold), as well as surface unit cells, are defined
in the schematic top views of the (d) Au(110)-(1 x 1), (e) the Au(110)-
(1 x 2), and (f) the Au(110)-(1 x 3) surfaces. Darker gray colored
circles indicate gold atoms in deeper atomic layers, as seen from the
respective point of view. The arrows indicate atom displacements in
the optimized surface structures with respect to atom positions in
truncated bulk configuration.

of the surface slabs were frozen in bulk-truncated positions
during the geometry relaxations. The positions of the gold atoms
in the top six atomic layers as well as the positions of the O
atoms placed on the upper site of the slab were optimized
without any constraint, until forces on the atoms were less than
0.01 eV/A. The dipole moment induced by the asymmetric slab
geometry with different top and bottom side surfaces was taken
into account by applying a dipole correction in the z direction.
The methodology and numerical parameters of the present
calculations have already been used in a foregoing study* and
are very similar to related studies.>>® All unit-cell sizes are
given as an integer multiple (n x m), n, m = 1, 2,... of the
smallest surface unit cell of the Au(110)-(1 x 1) surface (cf.
Figure 1).

Adsorption energies are defined as an average over all oxygen
atoms in the considered surface unit cell.

1 1
Ey= _]TO(Esub,ad — Eqp — NoEo) — EEb,o2 D

Herein, Egbaa = Esubad(@Naw, No) is the total energy of the
whole system containing N, gold atoms and Np oxygen atoms.
Egp = Egn(Nayu, 0) is the total energy of the relaxed substrate
containing the same number of gold atoms and Ey is the total
energy of a free oxygen atom. By subtracting half the binding
energy Ey o, of the gas phase oxygen molecule, the adsorption
energy is given relative to molecular oxygen. Adsorption
energies in terms of the foregoing definition describe a stable/
exothermic adsorption process in the case of a positive sign
and an unstable/endothermic process in the case of a negative
sign.

To relate calculated structures to specific, experimentally
relevant conditions, the temperature and pressure dependences
of a surrounding molecular oxygen atmosphere have to be
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considered. In this case, the equilibrium state of the surface is
determined by minimization of the surface excess free energy>’
(per unit area) y = Qg/A. A represents the surface area of the
relevant SUC.

Qs =Fs — ZﬂiNis 2

where Qg = Qg(T, A, u;) is the surface excess contribution to
the grand potential depending on 7, A, and the chemical
potentials u; of the involved atomic species. Fs = Fs(T, A, N;s)
is the surface excess free energy depending on the numbers N;g
of the various atomic species in the surface region. For
simplicity, we will drop the index S and the “add-on” “surface
excess” in the further discussion.

To determine the (most) stable oxygen adstructures with
respect to the particular (clean) surface of interest, we evaluate
the free energy of adsorption (per surface area) Ay .

1
Ayad = _Z(Fsub,ad - Fsub - NOAMO - ANAUIMAU) (3)

Fabad = Fapad(T, A, Nay, No) is the free energy of the total
substrate—adsorbate system, Fy,, = Fyu(T, A, Nay, 0) is the free
energy of the substrate system, and uo = uo(7T, po,) and ua,
are the chemical potentials of oxygen and gold. AN,, denotes
the difference in surface gold atoms, in the case of different
surface reconstructions. If not stated otherwise, Fyypqa and Fgp
are approximated by their leading terms, the DFT total energies
Eqpaa and Egyp. Additionally, we considered the temperature
dependence of the surface-slab total energies by calculating the
vibrational entropy contributions TS,;, to the free energies
Fawadsuw ~ Espadsus — TS;llilll)J,ad/sub- The entropy S, can be
calculated on the basis of statistical physics (following refs 58,
59) via

S — i hv, 1
vin(T) = kg Z kB_Texp(hvl-/kBT) -1

In[1 — exp(=hv,/kgT)] (4)

The sum runs over all vibrational frequencies v; of the
particular system. These modes are obtained from the eigen-
values of the dynamical matrix containing the second derivatives
of the energy with respect to the atomic positions. The
dynamical matrix is constructed using central differences from
the forces on each atom by displacing all nonfixed atoms in the
three Cartesian directions. The atoms in the four/five bottommost
atomic layers of the eight-layer (4 x 2)/(4 x 3) SUCs were
kept fixed in frequency calculations for the (1 x 2)/(1 x 3)-
surface systems.

The chemical potential of gold in eq 3 is identified by the
energy E%% of an Au atom in its bulk environment. The
chemical potential of O atoms can be split into a (7, po,)-
independent part, the total energy of a free O, molecule ['/,Eo,
= 1y(Eo + Ey0,)]. a (T, po,)-dependent part [Auo(T, po,)], and
a neglected zero point energy term

1
ﬂo(T’Poz) = EEOZ + A#O(T’Poz) (%)

Hence, the free energies of adsorption are calculated via
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1 u
Ayad = - Z(Fsub,ad - Fsub - NOAMO - ANAUEZLP()
N (6] TAS vib N (6] Au bulk
= XEad + A + XAAMO + A Exu
Ny Ng AN,, bulk
= TEad + XA,MO + A EAu (6)

In the case of neglected vibrational entropy contributions,
ASyip, = S¥b .4 — SUb, the whole temperature, pressure depen-
dence is solely included in Auo(7, po,). The chemical potential
o(T, po,) can be calculated using the partition function Zo, of
a homonuclear diatomic molecular gas,*%! consisting of N
dimers, via

1
Uo(T.po) = 55(~ksTn Zo, + pV) ©

resulting in the temperature- and pressure-dependent term Ao
= —1pkpT{In[(2mo,h~ ) (ks T) *po, 1} — 'okeT{In['/okpT-
B, 7'l — In[1 — exp(hwo(kgT)™")]} — 1/2kgT(In g). B, is the
rotational constant of the O, molecule, w, the vibrational
frequency, and g the electronic ground-state spin degeneracy
(cf. section 3.1 for reference values). Similar studies have been
done before.®>63

Per definition, the most positive free energy of adsorption
Ay,q for a specific (7, po,) condition identifies a stable O/Au(110)
structure. As apparent from eq 6, the temperature and pressure
influence scales with the ratio No/A that represents the oxygen
concentration on the surface. There are two limiting cases for
the stability of O/Au(110)-(1 x r) structures. On the one hand,
according to results published before,* the clean Au(110)-(1
x 3) surface is the most stable surface, if entropic energy
contributions are neglected,** for a low oxygen chemical
potential, i.e., by a low oxygen concentration in the atmosphere.
On the other hand, increasing the oxygen concentration, and
thus the chemical potential, results in a bulk oxide. The first
case is illustrated by a horizontal line in the Ay, versus
Auo(T, p) plots, the second case by a vertical line, i.e., an
infinitely thick bulk oxide. A reasonable choice of Au(7, po,)
for the transition to a bulk oxide structure consists of the heat
of formation Hf*“% of the most stable gold oxide, Au,Os.
Between both these border cases, one or more oxygen adstruc-
tures on the Au(110)-(1 x r) surfaces might be thermodynami-
cally stable.

To analyze the O/Au(110)-(1 x r) systems, we calculated
the induced charge densities

An(E) = n (1) = ng(®) — nyy(r) ®)

They indicate regions of electron accumulation and depletion.
Therein ny, is the total electron density of the structurally relaxed
total adsorbate—substrate system and n,/ng, the electron
densities of the adsorbate/substrate subsystem in the same
position as in the total adsorbate—substrate system.

Results and Discussion

Reference Values. Within GGA-PW91 we calculated an
equilibrium the unit of the lattice constant a, are A =4.176,a
bulk modulus By = 127 GPa, and a cohesive energy per Au
atom of 3.17 eV. Considering the experimental values ay, =
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4.078,% By = 172 GPa,% and a cohesive energy per gold of
3.81 eV,% this confirms the typical finding that GGA tends to
underestimate chemical bond strengths.

The calculated O, molecule bond length is ry, = 1.24 A, the
corresponding vibrational frequency wy = 1556 cm™! (2193
meV), and the binding energy per oxygen atom is '/,E,0, =
3.08 eV (calculated spin polarized). Reported experimental
values are wo = 1580 cm™! (2196 meV), ro = 1.2074 A% and
1Ey 0, = 2.56 eV.%"The rotational constant B, is 1.445 cm™!
(20.179 meV)®® and the O,-ground-state spin degeneracy
g =3.

The heat of Au,O; formation, per stoichiometric unit, has
recently been calculated by Shi et al.* to be weakly exothermic:
Hf"% = —519 meV (—36 meV in an experiment’ at 298.15
K). This value (—173 meV per O atom) has been chosen as the
limit for the stability of the bulk oxide in the further discussion.

Surfaces. We investigated the interaction of atomic oxygen
with three different Au(110) surfaces. These are the unrecon-
structed, structurally relaxed (1 x 1) surface and the two missing
row type surfaces (1 x 2) and (1 x 3), characterized by doubled
and tripled surface periodicity in the [001] direction. “Missing
row” reconstructions stands for the removal of close-packed
atomic rows from the topmost surface layers. In the case of the
“common” missing row reconstruction, every second close-
packed atomic row in the [110] direction is missing, resulting
in trenches, bordered by two (111)-microfacets. Higher order
missing row reconstructions with (1 x r) periodicity can be
generated by removing of (r — n) close-packed rows from the
nth atomic layer [n = 1, 2,..., (r — 1)]. The structure of these
surfaces is schematically illustrated in Figure 1. A detailed
theoretical description of the structure of these surfaces, in the
form of various characteristic parameters, and a discussion of
surface energies can be found in ref 43.

Oxygen Adsorption. In our preceding investigation®* of
oxygen chemisorption, we investigated various p(m X n) atomic
oxygen adlayers on (1 x r) surfaces. The considered adsorption
sites pseudo-3-fold (PT), short bridge (SB), long bridge (LB),
top (TP), and hollow (HL) are schematically illustrated in Figure
1d—f.

We had found that only adsorption in PT and SB sites results
in stable structures. However, only the PT1 sites, located along
the topmost close-packed atomic rows, show adsorption energies
of significant magnitude, especially if almost every second PT1
site along the same side of the close-packed atomic rows is
occupied. With this paper we extend our studies of chemisorbed
oxygen to more complex adstructures, generated by systematic
variations of on-surface oxygen coverages. The coadsorption
of subsurface oxygen atoms is partially included. Since PT1
sites are the most stable ones, their occupation is the basis for
nearly all considered O/Au(110)-(1 x r) systems that are
schematically summarized in Figures 2, 3, and 4 for r = 1, 2,
3, respectively. The corresponding adsorption energies are listed
in Table 1. The adsorption energies for p(n x m) oxygen
adlayers in PT1 sites are summarized in Table 2. (cf. ref 43).
From the adsorption energies in Table 1, it is immediately clear
that the energetically most favorable structures contain only
oxygen atoms in PT1 sites. These structures, composed by
occupation of every or every second PT1 site on both sides
along the close-packed atomic rows, possess strong chain
characteristics, as we will demonstrate in the following section.
Therefore, we will refer to a surface structures like X1, Y1,
and Z1 (cf. Figures 2—4) as symmetric Au—O chain (SC) and
to a surface structures like X2, X3, Y2, and Z2 as asymmetric
chain (AC). The adsorption energy differences between SC (Y1,
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Figure 2. Schematic top views of the considered arrangements of
oxygen atoms (black colored circles) on the Au(110)-(1 x 1) surface.
Darker gray colored circles indicate gold atoms in deeper atomic layers.

Figure 3. Schematic top views of the considered arrangements of
oxygen atoms (black colored circles) on the (1 x 2) surface. Darker
gray colored circles indicate gold atoms in deeper atomic layers. Dashed
circles indicate the position of subsurface oxygen atoms located between
the second and third layer of gold atoms.

Z1) and AC (X2, Z2) structures on the reconstructed surfaces
are 42(£4) meV (cf. Table 1) and, thus, almost independent
from the particular order r of (1 x r)-missing row reconstruction.
Unlike to oxygen adsorption on reconstructed surfaces, the SC
structure X1 (cf. Figure 2) is energetically less stable on
Au(110)-(1 x 1). Furthermore, there are two different AC
structures X2 and X3, in which every or every second topmost
atomic row is involved in the chain formation. The adsorption
energy for the X2 structure is slightly higher, due to the
formation of a more ordered Au—O adlayer (cf. Figure 5) in
contrast to X3.

As in the case of an isolated atom on the surface’' (cf. Table
2), the adsorption energies for the chainlike structures are
increased on the reconstructed surfaces but differ only marginal
between different reconstructions (cf. Table 1).

Compared to oxygen adlayers of the p(n x m) type, the
adsorption in the Au—O chain structures is more favorable on
all investigated Au(110)-(1 x r) surface types. The coadsorption
of oxygen atoms in non-PT1 sites significantly lowers the
adsorption energy per oxygen atom. The same is true for
coadsorption in subsurface sites (cf. Y6, Y7, Y10, Y11, Y12 in
Table 1).

On the basis of these results, we will now discuss the structure
and subsequent the energetics of the chainlike Au—O structures
in more detail.
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Figure 4. Schematic top views of the considered arrangements of
oxygen atoms (black colored circles) on the Au(110)-(1 x 3) surface.
Darker gray colored circles indicate gold atoms in deeper atomic layers.

TABLE 1: Adsorption Energies (E.4, meV) Calculated via
Eq 1 for All Investigated O/Au(110)-(1 x r) Structures
Pictured in Figures 2—4*

adsorption energies (E,q, meV)
O/Au(110)-(1 x 1)  O/Au(110)-(1 x 2)  O/Au(110)-(1 x 3)

X1: 244 Y1: 393 71:399
X2: 298 Y2: 439 72: 437
X3: —284 Y3: =222 73: —170
X4: =370 Y4: —129 74: 115
X5: =210 Y5: —67 75:96
X6: —206 Y6: —9 76: —409

Y7: =51 Z77: —389

YS8: 14

Y9: —189

Y10: 63

Y11: —193

Y12: —419

“The bold printed structure names refer to chainlike structures.

TABLE 2: Adsorption Energies (E.4, meV) for Different
Atomic Oxygen Coverages (0) of Au(110)-(1 x r) Surfaces
in PT1 Sites”

surface adlayer 0 (A E,q (meV)
Au(110)-(1 x 1) p(l x 1) 0.081 ~331
Au(110)-(1 x 1) P2 % 2) 0.041 156
Au(110)-(1 x 1) p4 x 4) 0.020 172
Au(110)-(1 x 2) p(l x 2) 0.041 -8
Au(110)-(1 x 2) P2 % 2) 0.020 331
Au(110)-(1 x 2) p4 x 4) 0.005 328
Au(110)-(1 x 3) p(1 x 3) 0.027 —-23
Au(110)-(1 x 3) p2 x 3) 0.014 342
Au(110)-(1 x 3) p4 x 6) 0.003 349

“ Bold printed adsorption energies imply stable adsorption.

Au—O Chainlike Surface Structures. Figures 5—7 show
detailed drawings of the Au—O chain structures on the different
(1 x 1) surfaces whose structural properties are described in
this section.

At first sight it is apparent that all oxygen atoms involved in
the formation of the chain structures retain their pseudo-3-fold
coordinated form, which has been shown to be much more stable
than all other adsorption sites.** The Au—O bond length of 2.03

Landmann et al.
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Figure 5. Detailed side and top views of the most favorable
O/Au(110)-(1 x 1) surface structures: (a) the SC structure X1, (b) the
AC structure X2, and (c) a the second AC structure X3. On the left,
the structure of the geometrically relaxed structures is characterized
by Au—O bond lengths and interplanar distances. The distance between
the two lowest atomic layers represents the ideal bulk distance of 1.48
A. On the right, the corresponding top views are shown. The PES for
adsorption of atomic oxygen on Au(110)-(1 x 1) is partially shown
(blue, high adsorption energy E,q0; red, low adsorption energy E,qo;
a detailed description of the PESs is given in ref 43).
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Figure 6. Detailed side and top views of the most favorable
O/Au(110)-(1 x 2) surface structures: (a) the SC structure Y1 and (b)
the AC structure Y2. (cf. Figure 5).

A in the Au—O chain is identical for the SC and the AC
structure on both reconstructed surfaces. It differs only marginal
(2.02 A) for the two different ACs X2 and X3 on the
unreconstructed (1 x 1) surface and is the same in the SC X1
on the (1 x 1) surface. In all SC structures (cf. Figure Sa—7a)
the gold and oxygen atoms that are involved in the chain
formation are arranged in a planar structure parallel to the
surface plane with variations of £0.03 toward the surface
normal. In ACs the chain-gold atoms are placed slightly below
the plane defined by the oxygen atoms. This displacement of
gold atoms increases with stronger surface roughening. The
smallest displacement of 0.07 A is found in case of the AC
X2,which is formed by an ordered Au—O adlayer (cf. Figure
5b). The bisection of the X2 oxygen coverage increases the
displacement to 0.10 A (cf. Figure 5c). For the (1 x 2) surface
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Figure 7. Detailed side and top views of the most favorable
O/Au(110)-(1 x 3) surface structures: (a) the SC structure Z1 and (b)
the AC structure Z2. (cf. Figure 5).

chain Y2 the chain-gold atoms are located 0.13 A below the
oxygen (cf. Figure 6b). In the AC structure Z2 on the (1 x 3)
surface,this value reaches 0.15 A (cf. Figure 7b). The Au—O
bond between the oxygen atoms and the surface gold atoms is
slightly increased compared to the Au—O bond lengths inside
the chains. In the of the reconstructed surfaces, these bond
lengths are 2.22/2.23 A for the SC Y1/Z1 and 2.16 A for the
ACs Y2/72. In the case of the unreconstructed surface, they
are a bit longer (2.35 A for the SC X1; 2.20 and 2.27 A for the
ACs X2 and X3).

The formation of the Au—O chains due to oxygen adsorption
generally increases the distance of the first layer atoms involved
in the chain formation and the underlying second layer gold
atoms (bulk interlayer spacing 1.48 A). Especially the inward
relaxation® of first layer gold atoms of the clean surfaces
vanishes. For AC structures Y2 and Z2, the distance between
chain and surface planes (defined by averaging over the
particular Au/O positions) is 1.83 + 0.02 A. For the SCs Y1
and Z1 this distance is 2.08 + 0.02 A. In the case of the
unreconstructed surface, these distances are somewhat larger
(2.27 A for X1 and 1.94 £ 0.01 A for X2 and X3).

The structural similarity of SC and AC on various surface
modifications allows unambiguously for the notation of these
structures as a class of its own. Structures of this class are
formed without exception by accumulation of the oxygen atoms
along close-packed rows of gold atoms. These rows, especially
characteristic for the missing row type reconstruction, represent
a low coordinated form of gold atoms on extended surfaces.
This suggests interpreting the formation of freely suspended,
quasi-one-dimensional Au—O chains in which oxygen atoms
enhance the chain formation®'? as a common general feature
of the Au—O interaction.

Au—O Chain formation. In Figure 8, some adsorption
energies are summarized from calculations using an (8§ x 2)
SUC. Starting with a single oxygen atom in the SUC, the
adsorption energy E,q0 is 334 meV. The addition of one O atom
is energetically most favorable (E,s = 432 meV) in one of two
diagonally obverse PT1 sites [i.e., forming the source of an AC
structure (cf. p8 x 2(+1)asym)]. Adding a third O atom to this
structure in an AC configuration results in an even higher
adsorption energy of 453 meV [cf. p8 x 2(+2)asym]. For
comparison, the adsorption of one additional O atom in the direct
obverse PT1 site reduces the adsorption energy significantly to
only 3 meV [cf. p8 x 2(+1)sym]. In general, all asymmetric
oxygen arrangements allow favorable adsorption with E,q > 420
meV. Therefore, the formation of any kind of well-ordered p(m
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Figure 8. Adsorption energies E,q (meV) for various PT1 coverages
of the (1 x 2) surfaces (8 x 2) SUC. In the schematic drawings, the
dark-colored circles represent oxygen atoms and light-colored circles
Au atoms in the topmost layer. The numbers in the brackets indicate
the number of added/removed oxygen atoms for the particular structure.

x n) adlayer [cf. Table 2 for p(1 x 2), p(2 x 2), and p(4 x 4)
and Figure 8 for p(4 x 2) and p(8 x 2)] that reaches adsorption
energies <330 meV seems implausible. The coadsorption of O
atoms on AC domains, i.e., the smattering formation of small
SC domains [cf. Y2(+1)], is commonly connected to lower
adsorption energies (<360 meV). Nevertheless, a complete SC
structure is stabilized to E,q = 393 meV. Accordingly, the
adsorption energy for the last oxygen atom of the SC is very
high (1000 meV). This stresses the special role of the SC
structure.

As a result of the energetics presented above, one should
expect the formation of small AC domains on the (1 x 2)
surface in the case of very low oxygen concentrations. The
formation of SC domains can first be expected after a maximal
number of oxygen atoms arranged in asymmetric configurations.
The following section deals with the question of how this
behavior reflects itself in the thermodynamical stability of these
chain structures under given atmospheric (7, po,) conditions.

Temperature and Pressure Dependence. In Figure 9, the
free energies of adsorption Ay,4 (without entropy contributions)
versus the temperature- and pressure-dependent part of the
chemical potential Auo(7, po,) are plotted separately for each
of the three surfaces. A stable structure is identified by the lowest
Ay.q line, ie., the highest free energy of adsorption. The
numbered areas indicate the stability of the particular clean
surface (I), one or more possible stable oxygen adstructures or
surface oxides (II), and the stable Au,O; bulk oxide (III),
whereas the oxide stability limit is given by the heat of formation
of the particular oxide (cf. section 3.1). For clarity, only the
O/Au(110)-(1 x r) structures with positive adsorption energy
E, at T = 0 K and the most stable PT1 p(m x n) adlayer
structure are shown.

Generally speaking, the investigated chain structures show
common energy characteristics. For the two reconstructed
surfaces, both the SC structures Y1 and Z1 and the AC structures
Y2 and Z2 become stable for specific values of Ay,q. The ACs
are stable for a lower (more negative) oxygen chemical potential.
Qualitatively the SC X1 and AC X3 on the unreconstructed (1
x 1) surface show the same characteristics. Due to the different
surface morphology of the unreconstructed surface, the second
asymmetric Au—O surface structure X2 becomes most stable
by forming a highly ordered Au—O adlayer structure (cf.
detailed adlayer structure in Figure 5b).

In Figure 10, the free energies of adsorption of the most stable
O/Au(110)-(1 x r) structures are shown. The clean (1 x 2)
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Figure 9. Free energy of adsorption (without entropy contributions)
plotted versus Auo(7, po,) for (a) the unreconstructed Au(110)-(1 x
1) surface and (b) the reconstructed Au(110)-(1 x 2) and (c) the
Au(110)-(1 x 3) surfaces. A stable structure is identified by the lowest
Avy,q line (highest free energy of adsorption). The different numbered
areas indicate the stability of (I) the clean (1 x r) reference surface,
(II) possible stable structures containing on-surface oxygen, and (III)
a stable bulk oxide.

surface was selected as reference surface (i.e., this structure is
represented by the Ay,s = O line). To relate the results to
atmospheric conditions, the temperature and pressure depen-
dence of Ay,q has been transferred to a temperature dependence
at two specific constant O, pressures po, (the two upper x-axis).
The pressure po, = 1013 mbar, associated with the topmost
x-axis T*, represents normal pressure. The second temperature
axis T stands for po, = 5 x 107! mbar and therefore for
characteristic UHV conditions. Since the second case represents
relevant experimental conditions given in ref 11, we limit the
discussion to them.

Our calculations identify three stable oxygen adstructures that
exclusively belong to the reconstructed surface type. The most
stable O/Au(1 x 1) structure X2 is clearly the most unfavorable
one in Figure 10. Therefore, we do not expect any O adstructure
to become stable on the unreconstructed Au(110) surface. For
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Figure 10. Free energy of adsorption (without entropy contributions)
plotted versus Auo(7, po,) in consideration of the various surface
reconstructions with Au(110)-(1 x 2) as reference surface. The upper
temperature axis 7* is given for constant pressure po, = 1013 mbar.
The second temperature axis 7 is for po, = 5 x 107" mbar (UHV). A
stable structure is identified by the lowest Ay 4 line (highest free energy
of adsorption). The different numbered areas indicate the stability of
(I) the clean (1 x 3) surface, (II) possible stable structures containing
on-surface oxygen, and (III) a stable bulk oxide.

low oxygen coverages, the clean (1 x 3) surface is the most
favorable structure. In Figure 10, this surface is almost identical
to the x-axis, because of the very small difference in (1 x 2)
and (1 x 3) surface energies (cf. ref 43) and therefore are not
drawn explicitly. When the chemical potential is increased, the
AC Z2 on the (1 x 3) surface represents the most stable structure
for 178—210 K. Between 158 and 178 K, the AC Y2 is slightly
more stable than the other chains. Finally, the SC Y1 (containing
a maximal amount of on-surface oxygen in PT1 sites) is stable
between 80 and 158 K, before the bulk oxide represents the
most favorable structure with Auo reaching the heat of formation
of the Au,O; oxide. Please note that also the SC structure on
the (1 x 3) surface is very close in energy.

Apparently, the AC can be thermodynamically stable both
on the (1 x 2) and on the (1 x 3) surface. There are two reasons
for the change of the thermodynamic stability between the ACs
independent of the chemical potential. First, oxygen adsorption
on (1 x r) surfaces’ PT1 sites (r = 2 or 3) is almost independent
of the particular reconstruction.** Second, the order of recon-
struction r defines the number of available PT1 sites. According
to eq 6, which by the ratio No/A determines the slope of Ay.q,
the O/Au(110)-(1 x 3) AC structure can be more stable than
the Au(110)-(1 x 2) AC structure for very low values of the
oxygen chemical potential. This is also in a more general context
the reason for the ACs to become favored over the respective
SC structures. They contain half (Y2) or less (Z2) of the amount
of oxygen contained in the SC Y1, which is clearly favored
over the ACs for an increasing chemical potential.

In contrast to experimental findings applying thermal desorp-
tion spectroscopy (TDS)!! that show oxygen to desorb from the
surface above 500 K, the applied theoretical methodology
predicts desorption already above 210 K. In order to explain
this discrepancy, further aspects have to be considered.

The first point is the unknown structure of the experimentally
observed Au—O surface. Small oxide-like domains or an
unconsidered subsurface adsorption might be able to explain
the discrepancy. However, the coadsorption of subsurface
oxygen atoms (cf. Y6, Y7, Y10, Y11, Y12) did not result in
any favorable structure.
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Figure 11. Calculated vibrational entropy contributions to the free
energies of adsorption. Pictured are the entropic energy differences
TASi, = T(S3P — S30) between the total and the substrate system,
multiplied with the temperature 7.

Another source of error is the inclusion of the free energies
only up to their leading terms. If the surface structures differ
too strongly, the cancelation in the so far not included entropy
terms is incomplete, and the common practice of neglecting
these contributions is no longer justified. To clarify this point,
we calculated the vibrational entropy contributions for the SCs
Y1 and Z1, the ACs Y2 and Z2, and the clean substrate systems
Au(110)-(1 x 2) and Au(110)-(1 x 3). The lattice vibrations
of the two clean surfaces turned out to be very similar. They
are characterized by a wide frequency band between 20 and
150 cm™ . These frequency bands are only marginally changed
if oxygen is adsorbed on the surfaces. In the high frequency
region, in contrast, oxygen adsorption induces additional modes.
The ACs show some single frequencies between 325 and 400
cm™! and a frequency group from 450 to 575 cm™!. The SCs
show a few isolated frequencies in the range of 200—375 cm™!
and at 450 cm™! and a group of modes between 500 and 575
cm™. For both the SCs and the ACs, the high-frequency modes
belong to oxygen vibrations in the plane of the chain adstructure.
The isolated modes distributed between 200 and 400 cm ™! are
caused by oxygen movements perpendicular to the surface.

As explained in ref 43, the consideration of the vibrational
entropy contributions leads to a stabilization of the clean (1 x
2) surface over the clean (1 x 3) surface at room temperature.

In Figure 11, the TAS,;, contributions are shown for the
temperature range 150—600 K. AS,;, has been calculated as the
difference between the entropy of the system with adstructure
and that of the clean surface. Below 150 K, these contribution
are negligible. Qualitatively, the SC and the AC contributions
show the same temperature dependence, but the energy curves
for the (1 x 3) surface are nearly constantly shifted to higher
energies compared to the (1 x 2) curves. These entropic energies
add to the Ay, values in Figure 10 and therefore modify the
stability range of the adsorbate structures as shown in Figure
12. Thereby, the stability range of the AC Z2 is increased from
178—210 to 176—235 K. For the AC Y2 and the SC Y1, the
stability range remains nearly unchanged.

A third reason for the discrepancies between theory and
experiment is given by the failure of calculated DFT binding
energies of the oxygen molecule. The experimental value for
half the binding energy '/2Ey 0, is 2.56 eV. The GGA signifi-
cantly overestimates this value as known from other studies:’>">
LEGES = 3.08 eV. This value for the binding energy has been
used to calculate the free energies of adsorption (cf. eq 6). In
contrast to the free energy differences (Fyp.a — Fiub) that enter
the free energies of adsorption, this DFT error is not partially
canceled out. We repeated, therefore, the calculations of the
Ay, curves in Figure 10 using the experimental value. The use
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Figure 12. Free energies of adsorption including the vibrational entropy
contributions AS.;, (cf. Figure 11). The plotted black lines reflect the

situation in Figure 10. The upper (temperature) x-axis is given for
constant pressure po, = 5 x 107! mbar (UHV).
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Figure 13. Charge-density differences (isosurface values +0.055 e/A%)
induced by oxygen adsorption in SC Y1 (a, ¢) and in AC Y2 (b, d) on
the (1 x 2) surface and charge-density differences induced by adsorption
of the whole SC (e) and AC (f). Blue indicates regions of electron
accumulation and red regions of electron depletion.

of the experimental binding energy results in an enormous shift
of the Ay, lines to higher temperatures. In detail, the stability
ranges are now 403—438 K for Z2, 403—384 K for Y2 and
80—384 K for Y1 for an oxygen pressure of po, = 5 x 107!
mbar.

Summarizing, we can conclude that our calculations quali-
tatively confirm the experimental findings. Quantitatively, these
sources of error discussed above correct the results into the right
direction: the consideration of vibrational energy contributions
and especially the failure of GGA O,-binding energies reduce
the theory—experiment gap.
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Adsorption-Induced Charge Densities. As an example of
the charge redistribution due to adsorption of atomic oxygen
on Au(110) monocrystal surfaces, the regions of electron
accumulation and depletion for the (1 x 2) surface’s SC and
AC are displayed in Figure 13. The charge density differences
(CDD) pictured in Figure 13a—d demonstrate the charge density
modification due to the oxygen interaction with the surface. As
demonstrated before for “single” O atoms,* the bonding
between O atoms and Au-surface/Au-chain atoms involves
mainly the depletion of 5d-like Au orbitals pointing in direction
of the Au—O bonds and a charge transfer into the O orbitals
pointing toward the vacuum region.

In addition, the CDD between the total system and the chain
structure as a whole and the substrate system are pictured in
Figure 13e,f. These confirm that the chain structure is only
bonded to the surface by Au—O bonds. Both in the SC and in
the AC the Au—Au bonds between first layer Au atoms (now
chain Au atoms) and second layer atoms (now topmost layer
atoms of the remaining Au surface) vanish. The Au atoms in
the chain structure are only linearly 2-fold coordinated to each
other. The main influence of the chain structure on the charge
density of the Au surface is limited to the directly bonded surface
Au atoms. Consequently, the substrate is only slightly modified.

Summary

In summary, we have shown that chainlike Au—O structures
represent the most stable form of atomic oxygen, chemisorbed
on extended Au(110) surfaces. Likewise, in our foregoing study,
which mainly focused on the adsorption of “single” oxygen
atoms on the surface, the oxygen adsorption in chainlike
structures is stronger in the case of missing row type recon-
structed surfaces. We found two different chain configurations
on each Au(110) surface to be the most stable oxygen adstruc-
tures. These symmetric and asymmetric Au—O chain structures
differ by a factor of 2 in the amount of oxygen contained on
the surface. Our results, based on atomistic thermodynamics,
show that both of these structures are thermodynamically stable
on the (1 x 2) reconstructed Au(110) surface. Also the
asymmetric chain on the (1 x 3) surface becomes stable at a
low oxygen chemical potential due to the larger separation of
the close-packed atomic rows in the topmost layer. Alternative
arrangements of atomic oxygen on the surface are clearly ruled
out by comparison to these chain structures.

Our results strongly suggest that chainlike Au—O structures
will form on Au(110) surfaces, when they are in contact with
low concentrations of atomic oxygen. Therefore, they provide
an interesting starting point for further investigations on the
catalytic properties of (reconstructed) Au-monocrystal surfaces
and the beginning of the oxidation process of these surfaces.

Our investigations mainly focused on adsorption on the
various surfaces. Future discussions should deal with the
question of how higher oxygen concentrations result in the
formation of complex multilayer oxide structures. Experimen-
tally,!! these oxide structures have been assigned to the
complicated structure of Au,O;.

Finally, our results directly connect the well-known missing-
row surface reconstruction of the Au(110) surface with the
formation tendency of pure and oxygen-supported suspended
Au nanochains that have been reported in the recent past.
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