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The atomic structure of the disordered phase formed by oxygen on Ag(111) at low coverage is
determined by a combination of low-temperature scanning tunneling microscopy and density functional
theory. We demonstrate that the previous assignment of the dark objects in STM to chemisorbed oxygen
atoms is incorrect and incompatible with trefoil-like structures observed in atomic-resolution images in
current work. In our model, each object is an oxidelike ring formed by six oxygen atoms around the vacancy
in Ag(111).
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The interaction of molecular oxygen with the Ag(111)
surface is one of the intriguing puzzles in surface science.
The fundamental interest in the study of the O=Agð111Þ
system originates from the importance of silver catalysts for
the selective oxidation of ethylene into ethylene oxide [1].
In their pioneering work, Rovida et al. [2] reported the
formation of the Agð111Þ-pð4 × 4Þ-O superstructure at
temperatures close to those used in real industrial proc-
esses. Since that time, research has largely been focused on
the “solving” of the (4 × 4) structure [3–9].
In the 2000s, significant progress in the recognition of the

O=Agð111Þ system was achieved due to the application of
scanning tunneling microscopy in combination with density
functional theory (DFT) calculations [4–9]. As a result, the
(4 × 4) structure has been solved [4–7,9]. Moreover, at low
oxygen coverage, a new disordered phase of dark spots has
been discovered on the Ag(111) surface [4,7,9]. Using DFT
calculations, each dark spot has been assigned to the
individual oxygen atom adsorbed in the fcc hollow site on
the Ag(111) surface rather than to subsurface oxygen [8].
Though the model for the disordered phase has been

widely accepted, there are important doubts in its validity.
According to existing STM data, the oxygen coverage
corresponding to the disordered phase is equal to
0.05–0.07 ML, which corresponds to the closest distance
between two oxygen atoms of ≈10 Å [7]. However, it is not
clear why further compression of the chemisorbed oxygen
layer does not occur if the subsurface adsorption is
excluded. In principle, a specific long-range repulsive
interaction between oxygen atoms could be responsible
for the prevention of formation of denser structures.
However, the existence of such an interaction is unlikely.
In this Letter,we present newhigh-resolution STM images

of the disordered oxygen phase on Ag(111) demonstrating
trefoil structures (Fig. 1) instead of simple dark spots [7,9].
Using DFT calculations, we have shown that each object
previously assigned to a chemisorbed oxygen atom is an

oxidelike ring formed by six oxygen atoms around the
vacancy in Ag(111). The resulting coverage for the disor-
dered phase was found to be six times larger than in the
previous model [7].
All experiments were carried out in an UHV setup

containing LT-STM GPI CRYO [10] operating at 5–77 K,
a cylindrical mirror analyzer, and LEED optics. A high-
pressure reactor attached to the main setup allowed
introduction of molecular oxygen up to 10 Torr keeping
the sample temperature in the range of 300–600 K. The
silver (111) sample was prepared by repetitive circles of
Arþ bombardment (600 eV) and annealing up to 800 K.
Oxygen introduction on Ag(111) was done at temperatures
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FIG. 1. STM image (187 × 187 Å2, Us ¼ 1737 mV,
It ¼ 0.5 nA, 77 K) obtained after molecular oxygen exposure
(1 × 10−1 Torr × 30 s, 433 K) on Ag(111) demonstrating the
trefoil-like objects on the background of the Ag(111) lattice
(“atomic-resolution” state of the tip). The concentration of the
objects corresponds to the coverage of 0.028 ML. The inset
shows the STM frame of the same size as the main image but
showing the objects as dark spots (“normal” state of the tip).
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of 300 K and 433 K by the backfilling of the chamber by O2

with pressure in the range of 10−4 − 1 Torr.
All DFT calculations have been performed by using the

VASP package [11,12] with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [13] and van der
Waals correction developed by Grimme (DFT-D2) [14].
The silver (111) substrate was modeled by a four layer slab
with a (7 × 7) surface unit cell. During structure optimi-
zations two upper layers of Ag atoms as well as the oxygen
atoms were allowed to relax, while the bottom two layers of
Ag were held fixed. We used a Monkhorst-Pack k-point
grid of 5 × 5 × 1 and 14 Å vacuum region between the
slabs. STM simulations were performed within the Tersoff-
Hamann approximation [15].
We have found that experimental STM images acquired

at the initial stage of the Ag(111) oxidation at 433 K
contain an array of similar objects forming a disordered
phase. As a rule, these objects were imaged in STM as dark
depressions with a diameter of 8–10 Å, in agreement with
previous STM observations in Refs. [7,9] (“normal” state
of the STM tip). Note also that similar pictures could be
obtained after adsorption of O2 at 300 K. Moreover, we also
carried out STM measurements at room temperature and
found that the dark features did not move. This observation
is not in line with assigning these features to chemisorbed
oxygen atoms, since surface diffusion of single oxygen
atoms at 300 K should be noticeable [16].
At a certain state of the STM tip, we have been able to

obtain atomic-resolution STM images which reveal the
trefoil-like objects instead of the depressions (see Fig. 1).
For comparison, theSTM imageof the same surface obtained
with a tip in the “normal” state is shown in the inset to Fig. 1.
It is noteworthy that influence of the tip shape may be ruled
out since two types of differently oriented trefoils (marked
as 1 and 2 in Fig. 1) exist on the surface. Usually, each
tip starts working in the normal mode and switches to the
“atomic-resolution” state as a result of the scanning close to
the surface (low bias voltage). Therefore, the normal state of
the tip likely corresponds to a clean tip, while the atomic-
resolution state is related to a tip with an adsorbate (e.g.,
oxygen atom).
An important finding concerns the position of the center

of the trefoil. According to the STM image in Fig. 2, it
perfectly corresponds to the position of the atom in the
upper Ag(111) layer. Therefore, an oxygen atom should
occupy on-top, subsurface (tetra), or substitutional (in
vacancy) positions.
According to DFT calculations, the on-top configuration

does not correspond to the local minimum. After optimi-
zation of the coordinates, the oxygen atom moves to the
most favorable fcc position (adsorption energy of−0.67 eV
per atom). The subsurface (tetra) and substitutional (in
vacancy) configurations were found to be less favorable
than the fcc one. Simulated STM images for both models
are not in line with the experiment, since they demonstrate a

bright protrusion and a single depression, respectively.
In addition, the existence of two types of trefoils with
different orientation cannot be explained within a single
oxygen atom model.
In further calculations, we have tested a series of structural

models containing several oxygen atoms (see Fig. 3). First,
we put three oxygen atoms around the vacancy in the upper
Ag(111) layer [Fig. 3(a)]. Although the simulated STM
image reproduces the trefoil geometry, the trefoil seen in the
simulated STM image is smaller in size than that observed
in the experiment. The same result was obtained for the
reverse configuration with three oxygen atoms in tetra
positions around the vacancy in the Ag(111) lattice.
For further analysis, we have assumed that two structural

elements of silver oxide like the Ag3O4 pyramid and the
oxide ring can be formed on the surface. We considered
the subsurface [Fig. 3(b)] and on-surface [Fig. 3(c)]
pyramid configurations. However, no correspondence with
the experimental STM images was found for these cases.
Figures 3(d) and 3(e) show models in which six oxygen

atoms are arranged in oxide-ring structures around the
vacancy in the upper Ag(111) layer. In Fig. 3(d), the oxide
ring is formed by three oxygen atoms in hcp positions
and three oxygen atoms in subsurface octa positions. In
the reverse configuration shown in Fig. 3(e), three oxygen
atoms occupy fcc positions and another three oxygen atoms
appear to be in subsurface tetra positions. STM images
simulated for configurations in Figs. 3(d) and 3(e) corre-
spond quite well to the experimental trefoils. Note that both
hcp-octa and fcc-tetra configurations have similar adsorp-
tion energies (−0.76 eV and −0.75 eV, respectively) and
appear to be the most energetically favorable of all the
configurations considered in Fig. 3 and the on-surface fcc
configuration.
Adding the oxygen atom in the center of the oxide ring

[Figs. 3(f) and 3(g)] leads to the appearance of a white
protrusion in the core of the trefoil in the simulated STM
image, which is obviously not in line with the experiment.
In the final model, we put nine oxygen atoms around the
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FIG. 2. Atomic-resolution STM image (30 × 30 Å2) showing
two types of trefoil structures with a high magnification. Red
lines indicate close-packed atomic rows of Ag(111). Fcc and hcp
adsorption sites are indicated by red and blue stars, respectively.
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vacancy in the Ag(111) layer. Although the simulated STM
image contains a trefoil-like feature, the structure appears
less energetically favorable than the models in Figs. 3(d)
and 3(e). Thus, our DFT calculations point to the models
containing an oxidelike ring around a silver vacancy. In
addition, we have considered other models containing
several oxygen atoms without a vacancy in the Ag(111)
lattice [see, for instance, Fig. 3(i)]. However, no depression
in the middle of the trefoil is reproduced in simulated STM
images in all these cases.
To assign the fcc-tetra and hcp-octa models to the

experimentally observed trefoils is not a simple task, since
it requires knowledge of the orientation of the silver crystal.
However, this problem can be solved by the adsorption of
molecular chlorine on Ag(111). Indeed, the orientation
of the crowdions in the ð ffiffiffi

3
p

×
ffiffiffi

3
p ÞR30° lattice of chlorine

(three star interstitial objects [17]) unambiguously deter-
mines the positions of fcc and hcp sites in the Ag(111)

lattice. Using this approach, we were able to mark fcc and
hcp positions in the atomic resolution STM image in
Fig. 2(b). Since the lobes of the trefoil are related to
oxygen atoms adsorbed in fcc or hcp positions, then we can
conclude that trefoil 1 corresponds to the fcc-tetra con-
figuration, while trefoil 2 to the hcp-octa configuration [see
Fig. 3(f) and 3(g)]. The adsorption energy for the hcp-octa
configuration appears to be somewhat higher than that for
the fcc-tetra configuration (Fig. 3). This computational
result is in line with the experimental STM image in Fig. 1
showing mainly the trefoils of type 2.
Further confirmation of our model comes from the

comparison of experimental and calculated STM images
for the different bias voltages. Figure 4 shows the exper-
imental and theoretical STM images of the hcp-octa trefoil
for Us equaled to −1.5 V, þ1.7 V, and þ3.0 V. For the
bias voltage of þ1.7 V, there is a perfect correspondence
between the model and the experiment. In experimental
STM images at voltages exceeding þ3 V, the oxide rings
look like bright rings with a small depression in the middle.
At − 1.5 V, the shape of the lobes of the trefoil changes
[see Fig. 4(c)]. According to Fig. 4, all the principal
features of the STM images can be reproduced quite well
within our model.
Although three of six oxygen atoms in the trefoils occupy

on-surface (fcc or hcp) positions, one should consider the
oxide ring around the vacancy to be a special object (local
silver oxide). Indeed, a trefoil always consists of three lobes
and no defect trefoil structures have been observed in
STM images. This observation means that only the configu-
ration of six oxygen atoms is stable. We calculated the
adsorption energy for a system containing a vacancy and
six oxygen atoms randomly adsorbed in fcc positions within
the same unit cell as in calculations from Fig. 3. Such a
configuration (Eads ¼ −0.68 eV) appears to be less favor-
able than the trefoil structures shown in Figs. 3(d) and 3(e).
Therefore, we conclude that the existence of separate
chemisorbed oxygen atoms on Ag(111) is unfavorable.

Exp. DFT
STM

+3.0 V

+1.7 V

-1.5 V
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(a)

(b)
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FIG. 4. The bias dependence of the experimental and theoreti-
cal STM images for the trefoil structure (model hcp-octa).
(a) Us ¼ þ3 V; (b) Us ¼ þ1.7 V; (c) Us ¼ −1.5 V.

(a) 3O around
vacancy

Model Theor. STM

(c) 4O and 3Ag
(pyramid up)

Name Eads

(eV)

-0.44

(b) 4O around
vacancy and
O in vacancy
(pyramid down)

-0.38

-0.68

(d) 3O hcp and
3O octa
around  vacancy
(oxide ring)

-0.76

(e) 3O fcc and
3O tetra
around  vacancy
(reverse oxide ring)

-0.75

(f) 3O hcp and
3O octa
around vacancy
and O in vacancy

-0.67

(g) 3O fcc and
3O tetra
around vacancy
and O in vacancy

-0.70

(h) 3O hcp, 3O octa
and 3O around
vacancy

-0.49

(i) 3O hcp and
3O octa
without  vacancy

-0.66

FIG. 3. (a)–(i) DFT modeling of the trefoil structures. The
optimized geometry and the theoretical STM image (bias voltage
of þ1.7 V) are shown for each structural model. The adsorption
energy is also indicated. Two favorable configurations, (d) and
(e), are marked by the red rectangle.
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For further characterization of obtained structures, we
performed DFT calculations of vibrational modes for both
fcc-tetra (1) and hcp-octa (2) configurations. We found out
the presence of the vibrational modes which are compa-
rable to those in silver oxides structures: Ag2O and AgO.
In particular, the fcc-tetra trefoil exhibits modes at 49–
54 meV, 59–61 meV, and 66–67 meV, being comparable
with vibrations characteristic of the Ag2O structure:
53 meV [18], 61 meV, [18] and 66–67 meV [18–20].
The hcp-octa trefoil, in turn, exhibits modes at 55 meVand
58–61 meV, being in the range of modes characteristic of
AgO (53 meV, 58 meV and 61 meV [18]). There is a
correlation between our data and the oxygen configurations
in oxides structures. In particular, in Ag2O, the oxygen
atom is in the tetrahedron interstitial position similar to
that in the fcc-tetra trefoil. On the other hand, in the
AgO crystal, the oxygen atom occupies the off-center
octahedral site similar to some extent to the octa position
in the hcp-octa trefoil.
Now we can make a bridge to existing HREELS data

obtained for oxidized Ag(511) and Ag(210) surfaces con-
taining different types of steps [21]. In Ref. [21], the authors
reported the experimental detection of oxidelike modes in
HREELS. In particular, for the Ag(511) surface the mode
68 meV was observed, while for the Ag(210) surface, the
spectra contained a peak at 53 meV. The authors made a link
between different oxygen configurations on Ag(511) and
Ag(210) surfaces and two possible oxide structures (Ag2O
and AgO). Their general conclusion was that at initial stages
of the oxidation process, the stoichiometry of surface oxide
can be tuned by the geometry of the steps. Thus, the
comparison of our data and HREELS data by Savio et al.
[21] shows that formation of local oxide structures at the
initial stage of silver oxidation is quite a general phenome-
non. Of course, the type of local oxide depends on the
structure and symmetry of the silver plane.
The formation of the vacancies in the Ag(111) lattice

is an important step towards the formation of trefoil
structures. We believe that this process is induced by the
adsorption of oxygen atoms, since recent DFT calculations
by Jones et al. [22] indicate a notable decrease of the
surface vacancy formation energy (down to ≈0.1–0.2 eV)
near the oxygen atom placed in either an on-surface or a
subsurface position on Ag(111) [22].
It is noteworthy that disordered structures to some extent

similar to those observed in the present study have been
observed by STM on oxidized Ag(100) and Ag(110)
surfaces [23–26]. Since no atomic resolution was achieved,
we can not exclude the formation of more complex oxygen
objects similar to oxide rings found in the present study.
In summary, we have presented a STM and DFT study

of the disordered oxygen phase formed on the Ag(111)
surface at low coverages. We demonstrate that dark
depressions previously assigned to individual oxygen
atoms may be described by oxidelike rings around

vacancies in the upper Ag(111) layer. The preferable
configuration (hcp-octa model) contains the vacancy in
the Ag(111) lattice surrounded by three oxygen atoms in
hcp positions and three oxygen atoms in subsurface octa
positions. The oxygen coverage corresponding to the
saturation of the disordered phase appears to be 6 times
larger than in the older models.
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