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We investigate the effects of Cl and O coverage on the atomic structure of the Au�111� surface using
density functional theory calculations. We find that the release and incorporation of gold atoms in
the adsorbate layer becomes energetically favorable only at high coverages of either O or Cl
��0.66 ML �monolayer� for O and �0.33 ML for Cl�, whereas adsorption without the
incorporation of gold is favorable at lower coverages. The bonding between the adsorbate and gold
substrate changes significantly with coverage, becoming more covalent �less ionic� at higher Cl and
O coverage. This is based on the fact that at higher coverages there is less ionic charge transfer to
the adsorbate, while the electron density in the region between the adsorbate and a surface gold atom
is increased. Our results illustrate that the O and Cl coverage on Au�111� can dramatically affect its
structure and bonding, which are important features in any application of gold involving these
adsorbates. © 2009 American Institute of Physics. �DOI: 10.1063/1.3077314�

I. INTRODUCTION

Gold surfaces play a vital role in all aspects of modern
technology and science, from heterogeneous catalysis to
nanotechnology.1 Gold is extensively used as a substrate for
self-assembled monolayers2,3 in materials science,4 as inter-
connects in electronic devices,5–7 as a substrate for conduct-
ing polymers in chemical sensors,8 and in many different
types of biosensors.9,10 Gold can be used in plasmonic elec-
tronic devices and is an important substrate for surface en-
hanced Raman spectroscopy.11,12 Since such applications rely
on some of the unique electronic features of gold, a complete
understanding of the gold surface as well as the bonding of
adsorbates on gold surfaces is crucial.

The surface morphology of gold can have a significant
role in determining its properties. For example, the size13,14

and shape15 of a supported Au nanoparticle has a substantial
effect on its catalytic activity: smaller particles �2–4 nm in
diameter� have much greater catalytic activity than larger
ones �20–40 nm in diameter�, with rate constants differing by
as much as two orders of magnitude.16 On the surface of
gold, the adsorption of electronegative species has been
found to affect significantly the morphology of the surface.
Adsorbates including NO2,17 S,18 and CH3SH �Refs. 19 and
20� can lift gold atoms from the surface. Au�111� may be
especially prone to the release of gold atoms due to the “her-
ringbone” reconstruction which contains an excess of �4.5%
Au atoms compared to the bulk �111� plane, with some of
these extra atoms weakly bound at “elbow” sites.21–23 The

presence of adsorbed molecules can lift the herringbone
structure, releasing gold adatoms on the surface.24–26 The
adsorption of atomic oxygen creates small gold islands on
the surface27 which are formed because oxygen can stabilize
undercoordinated Au.28 The morphology of these islands can
also affect the reactivity of the surface.29 Atomic chlorine
also releases gold on Au�111�, a process which is dynamical
in nature and involves many different structures and types of
Cl bonding to Au.30,31 Depending on Cl coverage, the surface
can exhibit initial release of gold atoms from the herringbone
reconstruction, a chemisorbed overlayer, and further release
of gold atoms to form a gold chloride layer.32

In the present work, we study these phenomena which
are important for understanding the catalytic properties of
the gold surface, using first-principles electronic structure
calculations based on density functional theory �DFT�. We
investigate the energetics of the morphological change of the
Au�111� surface upon the adsorption of two different elec-
tronegative species, chlorine and oxygen. By examining the
electronic charge density and the density of states �DOS� we
provide insight into the physical origin of our results, which
elucidate recent experimental observations on these systems.

The paper is organized as follows: Sec. II describes the
DFT calculations employed in our work. Section III de-
scribes the effect of coverage and gold adatom incorporation
on the total energy for adsorption of Cl and O on Au�111�,
along with the effect of the oxygen chemical potential on the
surface free energy. Section IV discusses the observed trends
and impacts on bonding by investigating the electronic
charge density and DOS for Cl adsorption, followed by
Sec. V, the conclusions.
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II. CALCULATIONAL DETAILS

The DFT results were preformed with the VASP code33

using the GGA-PW91 functional34 to model electron ex-
change and correlation. Ultrasoft pseudopotentials were used
with the default plane-wave cutoffs for different elements
taken from the generalized gradient approximation �GGA�
ultrasoft-pseudopotential database.35,36 We use a 12 layer
slab and a ��3��3�R30° surface unit cell to model the
Au�111� surface, with the bottom six layers remaining fixed
in their bulk positions and the top six layers allowed to relax.
The surface supercell does not capture the herringbone re-
construction, which we expect to not have important effects
on the energetics, and which is typically lifted upon adsorp-
tion of foreign atoms. The clean Au�111� surface corresponds
to a bulk terminated plane. A large vacuum region between
the slabs of �20 Å was used to ensure that the dipole in-
duced by the presence of adsorbates on one side of the slab
does not create artifacts due to interaction between neighbor-
ing unit cells. A Monkhorst–Pack �-centered 6�6�1 k-point
scheme was used for reciprocal-space sampling. We find that
spin polarization has no significant effect on the total energy
comparisons.

Our choice of the PW91 exchange-correlation func-
tional, instead of functionals such as Perdew-Burke-
Ernzerhof �PBE� and revised-PBE �RPBE�, was based on the
fact that it provides a better description of Au–Au binding,
which is important in addressing the differences in energy
between a clean and an adatom-covered gold surface. In gen-
eral, DFT-GGA calculations underestimate the cohesive en-
ergy of metals. We find that the underestimation is most ex-
treme with the RPBE functional: the calculated cohesive
energy, using the PW91, PBE, and RPBE functionals are
�3.02, �2.99, and �2.38 eV, while the experimental value
is �3.81 eV.37 The same trend was found for the surface
energy, calculated using the PW91, PBE, and RPBE func-
tionals: 0.0437, 0.0381, and 0.0153 eV /Å2, respectively,
versus the experimental value of 0.0936 eV /Å2.38 Since the
PBE and RPBE functionals greatly underestimate the cohe-
sive energy and surface energy, they are likely to give less
accurate results for the cost of creating a gold atom or va-
cancy, compared to the PW91 functional. We provide an es-
timate of the error introduced by our choice of functional by
using different functionals to obtain the relative energies for
important structures and assigning the difference in these en-
ergies as the uncertainty of the calculation �see Sec. III and
the discussion related to Fig. 3�.

In order to provide insight into the physical origin of the
results, we calculated the charge associated with specific at-
oms in selected configurations. There are different ap-
proaches to calculating the charge of atoms when using a
plane-wave basis, most of them involving integration of the
charge in a volume centered at the nucleus of the atom. We
used two different methods for integrating the electronic
charge: the first method consists of using spheres to integrate
the amount of charge around an atom, which is a convenient
and physically reasonable approximation. The radius of the
sphere is determined by the distance of the minimum value
of the electron density between the adsorbate and the nearest

surface Au atom. The difference between the integrated den-
sity in the adsorbed system and a free adsorbate atom in the
gas phase is defined as the net charge. The second method,
suggested by Bader,39 is similar, but more mathematically
rigorous: instead of using atom-centered spheres, the density
is partitioned into nonoverlapping basins defined by surfaces
on which the electron density gradient vanishes.40 There are
small differences in the charge calculated from the two meth-
ods, but the qualitative trends that emerge are the same.

III. RESULTS

The first system we considered is the adsorption of 0.33
and 0.67 ML �monolayer� of Cl on Au�111�. The adsorption
energy for p chlorine atoms is defined relative to the Cl2
reservoir,

ECl-ads�p� = EAu/Cl − Es −
p

2
ECl2

, �1�

where EAu/Cl is the total energy of the system consisting of
the Au surface with p Cl atoms bound on the gold substrate,
Es is the energy of the gold substrate, and ECl2

is the energy
of the Cl2 molecule The calculated bond length and binding
energy for Cl2 using the PW91 functional is 2.02 Å and 2.68
eV, respectively, which compares well with the experimental
values of 1.99 Å and 2.48 eV.41 With a different exchange-
correlation functional �RPBE �Ref. 42��, these values are
2.00 Å and 2.54 eV.43

Experimentally, gold atoms are only incorporated in the
adsorbate structure at Cl coverages above 0.33 ML.32 In or-
der to investigate the energetics for gold incorporation as a
function of Cl coverage, we considered the adsorption of
chlorine on three different Au�111� substrates: a clean sur-
face and surfaces covered with 0.33 and 0.67 ML of Au
adatoms. It is important to note that at Cl coverages above
0.33 ML, a wide variety of periodic and aperiodic structures
were observed experimentally with scanning tunneling mi-
croscopy �STM�.32 The exact stoichiometry and unit cell di-
mensions along with clear atomic resolution of the structures
could not be determined from these STM studies. Since we
are interested in understanding gold incorporation as a func-
tion of coverage and not the exact structure at higher cover-
ages, we use the ��3��3�R30° unit cell as a model for all
Cl coverages. We expect that factors such as adsorbate-
adsorbate repulsion that lead to Au incorporation will be
qualitatively similar in the real and model systems, thus our
model can provide insight into the coverage-dependent bond-
ing of adsorbates on the gold surface.

To compare the adsorption of chlorine on each substrate,
the total energy is calculated as

Etot�n,p� = ECl-ads�p� + Ecost�n� , �2�

where Ecost�n� is the energy cost for creating n gold adatoms,

Ecost�n� = Es-ad�n� − nEb − Es, �3�

with Es-ad�n� as the total energy of the Au�111� substrate with
n adatoms, Eb the energy of a gold atom in the bulk, and Es,
in this case, the energy of the bare Au�111� substrate. This
energy cost was calculated for coverages corresponding to
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0.33 ML �n=1 in the ��3��3�R30° unit cell� and 0.67 ML
�n=2� of adatoms on the top layer and found to be 0.75 and
0.65 eV, respectively. The cohesive energy of bulk Au is
�3.02 eV, the Au–Au dimer cohesion is �2.24 eV, and the
Au–Cl pair cohesion is �2.91 eV. Adatom formation and
incorporation into a chloride layer can only take place if

ECl-ads�p� − Etot�n,p� � 0, �4�

where ECl-ads�p� is the lowest adsorption energy possible for
chlorine bound on the clean adatom-free surface and
Etot�n , p� is the lowest energy for chlorine on an adatom-
covered surface.

The energetics of 0.33 ML Cl adsorption on a ��3
��3�R30° unit cell on the three different types of substrates
of Au�111� was studied in previous work.32 To summarize
those results, the system with the lowest energy consists of
Cl binding in fcc threefold sites on the clean surface with an
adsorption energy of �0.91 eV �Table I�. The adsorption of
Cl on adatom-covered Au�111� surfaces was stronger, but not
enough to compensate for the cost to create the adatom sur-
face, Ecost�n�.

By taking into account the cost required to create each
surface, it is possible to determine the adsorption species
with the lowest energy for the adsorption of 0.67 ML of Cl.
The first system we considered is the adsorption of chlorine
on the clean adatom-free surface. We find that chlorine binds
preferentially on bridge sites, forming a honeycomb pattern
on the surface, Fig. 1�a�, with an adsorption energy of �0.18
eV per Cl and a Cl–Au distance of 2.60 Å. The repulsive
interaction between neighboring chlorine atoms at a Cl cov-
erage of 0.67 ML weakens the Au–Cl interaction in compari-
son to the case of 0.33 ML coverage. In the latter case, Cl
adsorption prefers a higher coordination to gold �the fcc
threefold site�, has a lower adsorption energy ��0.91 eV per
Cl�, and a slightly smaller Au–Cl length, 2.58 Å.

We also considered the adsorption energy of chlorine on
a surface containing 0.33 ML of gold adatoms. We find that
chlorine binds much more strongly to this surface compared
to the flat adatom-free surface. The lowest energy configura-

tion has two chlorine atoms bound on top of a gold adatom,
on either side and coordinated only to the gold adatom,
Fig. 1�b�. The adsorption energy for this structure is �0.64
eV per Cl, significantly lower than for the 0.67 ML Cl cov-
erage on the clean surface. In fact, the adsorption energy is
sufficiently lowered to compensate for the cost of creating
the Au adatoms, resulting in a surface that is lower in total
energy �Table I�.

The last structure we considered is chlorine adsorbed on
0.67 ML of gold adatoms �equivalent to 0.33 ML of gold
vacancies�. In this case, the preferred binding site for chlo-
rine is on a “half-bridge site” on the gold atoms that make up
the top layer of the surface, Fig. 1�c�: in this configuration,
Cl is bound directly to one gold atom but in an off-center
position, tilted towards the vacancy and close to what would
have been the bridge site of the surface without the vacancy.
An alternative structure, with the Cl atom directly on top of
the gold atom is substantially higher in energy �Table I�. The
binding energy for chlorine on the half-bridge site is �0.61
eV per Cl. As in the case of chlorine adsorption on the 0.33
ML adatom-covered surface, the Au–Cl interaction is much
stronger and the Au–Cl length is smaller for a surface that
contains 0.67 ML adatoms compared to the clean Au�111�
surface. The Au–Cl length is 2.60 Å for Cl on a flat surface,
but only 2.46 Å on the 0.67 ML adatom-covered surface.
When taking into account the cost of creating the adatom-

TABLE I. Summary of total energies, Etot�n , p�, defined in Eq. �2�, for two
Cl coverages, p �expressed in ML for the ��3��3�R30° unit cell� on
Au�111� with different gold adatom coverages, n. Bold characters indicate
the systems with the lowest energy at each chlorine and adatom coverage.

n �ML�

p �ML�

0.33 ML Cl 0.67 ML Cl

Site
Etot

�eV� Site
Etot

�eV�

0.00

Top �0.65

Bridge �0.37
Bridge �0.87

hcp �0.88
fcc �0.91

0.33
Top �0.43

AuCl2 �0.54
Side �0.47

0.67
Bridge �0.81 Half bridge �0.57
Hollow �0.24 Top �0.20

FIG. 1. �Color� Lowest-energy structures �left panels� and charge density
difference plots �right panels� of 0.67 ML Cl adsorption on: �a� flat �1�1�
surface; �b� Au�111� covered with 0.33 ML Au adatoms; �c� 0.67 ML Au
adatoms. The darker gray circles represent the top full layer of gold atoms,
lighter yellow circles represent gold adatoms, and small �green� circles rep-
resent chlorine atoms. The thick dotted lines on the structural figures on the
left show the planes on which the density difference is plotted. Red contours
correspond to charge depletion and blue contours to charge accumulation.
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covered surface, chlorine bound at half-bridge sites on the
0.67 ML adatom-covered surface is the lowest energy struc-
ture �Table I�.

To illustrate that the results above are not just character-
istic of the chlorine-gold interaction, but rather they apply
generally to electronegative atoms on gold, the same sub-
strates were used to study oxygen adsorption at different
coverages. We find that at a coverage of 0.33 ML, oxygen
prefers to bind in a fcc threefold site with an adsorption
energy of 0.18 eV. This agrees well with previously pub-
lished results: an adsorption energy of 0.16 eV was reported
using the PW91 functional for an oxygen coverage of 0.25
ML.44 The adsorption energy can also be defined relative to
an oxygen atom instead of an oxygen molecule; using this
definition Gajdos et al.45 reported an adsorption energy of
�2.95 eV for a coverage of 0.25 ML, while we find this
energy to be �2.84 eV. The overlayer on the clean �adatom-
free� surface is the lowest energy structure for 0.33 ML cov-
erage of oxygen �Table II�, as was the case for chlorine. The
Au–O dimer cohesion energy is �2.57 eV. On the 0.33 ML
adatom-covered surface, in contrast to the chlorine adsorp-
tion, the adsorption of oxygen is not stronger compared to
the adatom-free surface for 0.33 ML of oxygen. Adsorption
on the 0.67 ML adatom-covered surface was slightly stronger
�by 0.08 eV� than on the �1�1� clean surface, but this dif-
ference is not enough to compensate for the cost of creating
the adatoms on the surface.

For 0.67 ML coverage of oxygen, the most stable struc-
ture is still the oxygen overlayer without gold incorporation,
Fig. 2�a�. Due to the repulsion of neighboring oxygen atoms,
the 0.67 ML overlayer structure has a higher adsorption en-
ergy �0.56 eV per O� compared to the 0.33 ML overlayer
�0.16 eV per O�. For oxygen adsorption on the 0.33 ML
adatom-covered surface, the structure with the lowest energy
consists of oxygen bound on either side of the gold adatom,
coordinated to both the adatom and the top complete layer of
gold atoms, Fig. 2�b�. The adsorption energy for this struc-
ture is 0.18 eV per O lower than the overlayer, but this dif-
ference is not enough to make up for the energy cost of
creating the gold adatoms on the surface. The structure with
the lowest energy on the 0.67 ML adatom-covered surface
has two oxygen atoms bound off-center from the adatom and
interacting with the vacancy below; however, this system is
0.72 eV higher in energy than the overlayer.

At a coverage of 1.00 ML of oxygen, adatom incorpora-
tion becomes energetically favored over formation of the
overlayer. The preferred binding site for the 1.00 ML over-
layer structure is oxygen on bridge sites, with an adsorption
energy of 1.15 eV per O. The 0.33 ML adatom-covered gold
surface, however, has an adsorption energy of 0.63 eV per O,
which is significantly lower than the overlayer and can easily
compensate for the cost of creating the adatom. In this struc-
ture, the gold adatom sits on a threefold site with each oxy-
gen in the plane of the gold adatom and coordinated to both
the adatom and the top gold layer, Fig. 2�c�.

Experimentally, atomic oxygen is often introduced to
gold using various methods including electron bombardment

TABLE II. Summary of total energies, Etot�n , p� for three O coverages, p, on Au�111� with different gold
adatom coverages, n. Notation is the same as in Table I. Energies in brackets are from the PBE functional and
are used to estimate the error in Fig. 3.

n �ML�

p �ML�

0.33 ML O 0.67 ML O 1.00 ML O

Site
Etot

�eV� Site
Etot

�eV� Site
Etot

�eV�

0.00 fcc 0.16�0.16� fcc 1.13�1.10� Bridge 3.45�3.45�

0.33
Top 1.73

Flat AuO2 1.50�1.47� Trigonal Pyramid 2.64�2.61�
Side 1.86

0.67 Half bridge 0.73�0.67� Half bridge 1.85

FIG. 2. �Color� Lowest-energy structures �left panels� and charge density
difference plots �right panels� of: �a� 0.67 ML O adsorption on flat,
�1�1� Au�111� surface; �b� 0.67 ML O adsorption on Au�111� surface cov-
ered with 0.33 ML adatoms; �c� 1.00 ML O adsorption on 0.33 ML Au
adatom-covered Au�111� surface. Symbols are the same as in Fig. 1, with
red for O atoms.
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of condensed NO2,46 ion sputtering with O2,47,48 thermal dis-
sociation of gaseous O2 using hot filaments,49 and exposure
to ozone.50 Since the source of oxygen in these experimental
results is not necessarily oxygen gas but a variety of sources,
it is useful to consider the phase diagram of surface free
energy as a function of the oxygen chemical potential.

We start with the assumption that the surface is in ther-
modynamic equilibrium with the separate reference phases at
a given temperature T and pressure P. The environment acts
as a reservoir where oxygen can adsorb or desorb from the
surface without a change in pressure or temperature. The
Gibbs free energy G�T , P ,NAu,NO� is the thermodynamic
potential required to describe this system. The most stable
surface minimizes the surface free energy, ��T , P�, defined as

��T,p� = �1/A��G�T,P,NAu,NO� − NAu�Au�T,P�

− NO�O�T,P�� , �5�

where �Au and �O are the chemical potentials of a Au atom
and an O atom, NAu and NO are the numbers of these species,
and the surface energy has been normalized by dividing by
the surface area, A.51–53 In principle, the Gibbs free energy
could be calculated by considering the contributions of vi-
brational and configurational entropy; in practice these con-
tributions are small and can be neglected allowing the terms
to be approximated as DFT total energies.54 The surface free
energy becomes

�DFT�T,P� = �1/A��E�Au/O� − E�Au� − NO�O�T,P�� , �6�

where E�Au /O� is the total energy of the system consisting
of the Au surface with O atoms bound on the surface and
E�Au� is the energy of the gold substrate. The chemical po-
tential of oxygen could be related to an oxygen pressure and
temperature by calculating the translational and rotational
partition functions of the gas phase, but for a qualitative
phase diagram it suffices to consider the upper and lower
bound of the chemical potential.51 The lowest possible bound
of the oxygen chemical potential, which would correspond to
an infinitely small pressure of oxygen, is equal to the cost of
forming an atomic oxygen atom from the reference reservoir
of the molecular solid: �E�O2�s��−2E�O�� /2, which is also
the bond dissociation energy per oxygen atom. A more real-
istic lower bound is the bond dissociation energy per oxygen
atom from oxygen gas. Adsorbing oxygen on the surface at
no cost ��O=0� represents the upper bound �high oxygen
pressure�, therefore the range in chemical potential is

− 3.0 eV � �O � 0, �7�

where for consistency in the theoretical results51 we use the
value of �E�O2�g��−2E�O�� /2�−3.0 eV obtained from our
calculations. Figure 3 is a plot of the surface free energy as a
function of oxygen chemical potential between the two ex-
treme bounds. Oxygen dissociation is not thermodynamically
favorable in the small unlabeled region in Fig. 3 close to the
lower bound of the chemical potential. As the oxygen chemi-
cal potential increases, a higher oxygen coverage is possible
on the surface creating three distinct regions, labeled Ia, Ib,
and II in Fig. 3. The possible error in the calculation due to
the choice of exchange-correlation functional is illustrated as

a range of values in the chemical potential for the transition
between different regions; this was estimated by using two
different functionals �PW91 and PBE� to obtain the energy
versus chemical potential curves. The structures with the
lowest surface free energy in regions Ia and Ib are the 0.33
and 0.67 ML of oxygen coverage without gold adatom incor-
poration, respectively. The transition between a flat surface
and gold incorporation occurs between regions I and II when
the oxygen coverage with the lowest energy increases from
0.67 to 1.00 ML.

The surface free energy plot is consistent with the ex-
perimental observation that the adsorption of ozone in ultra-
high vacuum on the Au�111� surface always results in gold
adatoms being released, regardless of oxygen coverage.27

The experimental chemical potiental,55 �1.05 eV, lies well
within region II, where gold adatom incorporation is favor-
able. This also agrees with Shi and Stampfl56 who recently
preformed similar calculations using a larger unit cell; they
predict that the energetically most favorable configuration is
a “surface-oxide-like” layer that has gold incorporated in its
structure.

IV. DISCUSSION

Our results show that the incorporation of Au into an
adsorbate layer depends on the coverage of the electronega-
tive atom. At low coverages, Au adatom or vacancy forma-
tion is not favorable, while at high coverages defect forma-
tion becomes energetically favorable. In general, the
adsorbate binds more strongly to a surface containing de-
fects, but the gain in energy due to the stronger binding to

FIG. 3. �Color online� Surface free energy �DFT�T , P� as a function of the
oxygen chemical potential �O for different oxygen and gold adatom cover-
ages. The clean surface is represented by a horizontal line at a surface free
energy of 0 eV. The transition range in the oxygen chemical potential be-
tween regions, representing the error introduced by the choice of exchange-
correlation functional, is indicated by checkered-square region.
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the surface does not compensate for the cost of creating the
defected surface at low adsorbate coverages. The energy
gained from adsorption to a defect-containing surface in-
creases with increasing coverage, which leads to a transition
when the energy cost of defect formation can be overcome.
This gain in energy at higher coverages is not just the result
of adding adsorbate atoms, but rather due to the fact that the
gold-adsorbate interaction changes with increasing coverage.
To illustrate, at 0.33 ML of chlorine coverage the difference
between the adsorption of Cl on a clean surface and on 0.67
ML adatom-covered surface is �0.31 eV per Cl. At 0.67 ML
chlorine coverage, a second chlorine atom is added to the
��3��3�R30° unit cell, but the difference in the total bind-
ing energy between chlorine on the flat surface and the 0.67
ML adatom-covered surface is not simply twice the differ-
ence at 0.33 ML ��0.62 eV�, but larger ��0.86 eV� and
adequate to compensate for the cost of creating the adatom
surface �0.65 eV�. To account for this effect, there must be
differences in the bonding of the adsorbate at different cov-
erages. In the following discussion, we will analyze the DOS
to identify specifically which states are affected by gold in-
corporation, and consider charge density plots in an attempt
to understand the bonding differences for chlorine at differ-
ent coverages.

Partial density of states �PDOS� plots provide insight
into the ability of chlorine to stabilize adatoms on the gold
surface. A comparison of the Au d-PDOS for the
Au�111�-�1�1�, the surface containing 0.33 ML of adatoms,
and the adatom-covered surface with 0.67 ML Cl, provides
insight into bonding changes, Fig. 4�a�. As expected, without
chlorine adsorbed on the surface, the Au d states are higher
in energy for the gold adatoms, suggesting that these ada-
toms are more reactive.57,58 With chlorine adsorbed, the gold
adatom d electronic states are significantly lowered in en-
ergy, suggesting that adsorbed Cl can stabilize adatoms that
are created on the surface. This explains why the adsorption
energy for chlorine on adatoms at any coverage is lower than
for overlay adsorption.

The p-PDOS for 0.67 ML Cl on the clean and adatom-
covered surfaces indicates that the adsorption of Cl on the

adatom-covered surface lowers the energy of Cl since the
p-PDOS is generally lower in this case, Fig. 4�b�. The same
trend is observed for the s states of Cl and could explain why
the neighboring Cl–Cl distance is smaller on the adatom-
covered surface: 2.92 Å on the clean surface versus 2.57 Å
on the adatom-covered surface.

Charge density plots of Cl and O on various gold sub-
strates illustrate that the Cl–Au and O–Au bonds become
more covalent with gold incorporation. Figure 1 shows the
charge density difference plots for 0.67 ML of Cl on �a� the
clean gold surface, �b� the 0.33 ML Au adatom-covered sur-
face, and �c� the 0.67 ML Au adatom-covered surface. The
charge density differences are defined as the electron density
of the total adsorbed system minus the density of just the Au
substrate and Cl atom in the exactly same positions as in the
adsorbed system. As mentioned earlier, the overlayer �a� is
the highest in energy followed by the 0.33 ML adatom-
covered surface �b�, with the 0.67 ML adatom-covered sur-
face being the most stable. The charge difference plots illus-
trate the bonding between Cl and Au on these three surfaces.
In previous work, we found that the Cl–Au interaction on the
Au�111� surface is mainly covalent in nature.59 The same is
true for these three systems, only in the case of gold incor-
poration the chlorine atom forms an even stronger covalent
bond with the gold substrate. Figures 1�b� and 1�c� illustrate
the accumulation of electron density directly between Cl and
Au. The electron density minimum on the line connecting the
Cl and Au positions increases as the energy of the system
decreases. The density minimum for the clean, 0.33 ML Au
adatom covered, and 0.67 ML Au adatom-covered surface
for 0.67 ML of Cl is 0.38, 0.45, and 0.51, respectively. The
Au–Cl bond distance follows the same trend, namely, 2.60,
2.51, and 2.46 Å, respectively.

The same trend is also observed for oxygen: as the over-
layer coverage increases from 0.33 to 0.67, to 1.00 ML the
minimum value of the charge density increases from 0.59 to
0.67, to 0.82 respectively. The system with the lowest energy
for 1.00 ML of oxygen contains 0.33 ML of gold adatoms;
this O–Au bond has the highest amount of electron density
directly along the bond, 1.10. As the coverage increases, the

FIG. 4. �Color online� �a� Au d-PDOS vs energy E for the surface gold atom of the clean surface, gold adatom for the 0.33 ML adatom-covered surface, and
gold adatom for the 0.33 ML adatom-covered surface with 0.67 ML Cl. �b� Cl p-PDOS vs energy E for 0.67 ML of chlorine on the clean surface and 0.33 ML
Au adatom-covered surface. The zero of the energy scale is the Fermi level.
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number of gold atoms to which the adsorbate is coordinated
decreases. The charge density difference plots �Fig. 2� illus-
trate that more electron density is added directly between the
adsorbate and gold adatom with increasing coverage, sug-
gesting a stronger covalent interaction similar to the trend
observed for Cl. There are some important differences, how-
ever, between the Cl and O charge density difference plots.
For oxygen adsorption on the adatom-covered surfaces, elec-
tron density is added both between the O and Au adatom and
on the back side of O, while for Cl electron density is only
added directly between Cl and the Au adatom. The electron
density accumulation on the back side of the O atom �oppo-
site of the adatom� is attributed to the oxygen binding much
closer to the surface than Cl, preferring higher coordination
to Au compared to Cl; this results in bonding not just be-
tween oxygen and the adatom, as in the Cl case, but also
between O and the underlying gold in the first complete
layer.

The charge on the adsorbate also provides evidence that
the bonding becomes more covalent with gold incorporation
or at higher adsorbate coverages. Table III contains the
charge, calculated using both the sphere and Bader method,
for various adsorption systems. The charge changes signifi-
cantly as a function of the coverage and gold incorporation.
Generally, as the coverage of the adsorbate increases or if
gold is incorporated into the adsorbate layer, the magnitude
of the negative charge decreases. For example, as the oxygen
overlayer coverage increases, the charge from the Bader
method decreases from �0.77 at 0.33 ML to �0.58 at 1.00
ML. The same is observed for Cl and at the same Cl cover-
age, gold incorporation lowers the charge. The smaller par-
tial negative charge on the adsorbate may occur partly be-
cause the adsorbate is coordinated to fewer gold atoms and
these gold atoms have more than one electronegative atom
bound to them so that a smaller amount of electron density is
available to be pulled by the adsorbate atom. These results
combined with the charge density plots indicate that the
smaller negative charge is also a result of the increased co-
valent nature of the adsorbate-Au interaction.

Furthermore, the lower partial negative charge upon gold
incorporation should decrease the repulsive interaction be-
tween adsorbate atoms on the surface. The adsorption energy

per adsorbate atom increases with coverage because of the
repulsion between partially negative Cl or O atoms. In many
cases, the partial charge on the adsorbate is lower when it is
incorporated with gold. The decrease in the charge could
help drive gold incorporation since in this case the inter-
atomic repulsion of the adsorbate atoms would be lower.

V. CONCLUSIONS

Gold is used in a wide variety of applications making it
important to have a complete understanding of the interac-
tion of adsorbates with its surface. We used periodic-slab
DFT calculations to investigate the energetics of the morpho-
logical changes of the Au�111� surface upon the adsorption
of two different electronegative species, chlorine and oxy-
gen. We find that gold adatoms can be pulled out of the
surface to become part of the absorbate layer. Generally, the
Au-adsorbate interaction is stronger for the incorporated gold
surface versus the clean surface. At low coverages this stron-
ger interaction cannot compensate for the cost of creating the
adatoms on the surface. As the coverage of the adsorbate
increases, a transition occurs where the cost for creating ada-
toms is compensated and the adsorbate system containing
incorporated gold atoms becomes lower in energy. Along
with these morphological changes, the nature of the Au-
adsorbate interaction changes as a function of coverage and
gold incorporation. The Au-adsorbate bonding becomes
more covalent with higher coverage or upon the incorpora-
tion of gold adatoms, resulting in a smaller adsorbate partial
charge with more electron density located directly between
the adsorbate and Au. The trends found in this work are
qualitatively similar for the adsorption of chlorine and oxy-
gen, but chlorine prefers coordination to fewer surface gold
atoms than oxygen; upon adatom incorporation the chlorine
is only coordinated to a single gold adatom while oxygen can
coordinate with the gold adatom and gold atoms in the top
complete layer of gold. Our results are useful in understand-
ing the interaction of chlorine and oxygen with gold, espe-
cially in systems where the surface morphology or electronic
nature of the surface plays an important role.

TABLE III. Summary of calculated charges for different coverages of O and Cl �p� on Au�111� with different
gold adatom coverages �n�. The two different methods of calculating charge are indicated, �A� sphere, or �B�
Bader method.

n �ML�

p �ML�

0.33 ML Cl 0.67 ML Cl

A B A B

0.00 �0.33 �0.37 �0.33 �0.28
0.33 �0.20 �0.41 �0.27 �0.20

0.33 ML O 0.67 ML O 1.00 ML O
A B A B A B

0.00 �0.54 �0.77 �0.56 �0.70 �0.40 �0.58
0.33 �0.40 �0.59
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