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Atomic structure of Ag(111) saturated with chlorine: Formation of Ag3Cl7 clusters
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The structure of saturated chlorine layer on Ag(111) has been studied with low temperature scanning tunneling
microscopy and density functional theory. For the first time atomic-resolution STM images of saturated chlorine
coverage have been obtained. STM images demonstrate coexistence of the domain with (3 × 3)-like reconstruction
and numerous bright objects identified as Ag3Cl7 clusters. According to our model supported by DFT calculations,
clusters are formed on the boundaries between the adjacent (3 × 3) antiphase domains. These boundaries have a
characteristic triangular shape and are formed by six chlorine atoms chemisorbed on the triangular silver island
with local periodicity (1 × 1).
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I. INTRODUCTION

Interaction of chlorine with (111) plane of silver has
been a subject of numerous experimental and theoretical
investigations since the 1970s. The interest to this system was
initiated by the important promotional role of chlorine in the
industrial reaction of ethylene epoxidation.1

According to a number of investigations,2–4 there are two
stages of chlorine reaction with silver surfaces. On the first
step, chlorine forms a chemisorbed layer, while formation of
a new chemical compound (silver chloride) takes place after
the completion of the chemisorbed layer. These two stages
were distinguished by the peaks in the thermodesorption (TD)
spectra and the chemical shift of Auger lines.2–4 However, the
exact definition of the term “saturated monolayer” appears to
be not so simple. Usually a monolayer of chlorine is considered
to be complete when the speed of adsorption measured at room
temperature by AES/XPS drastically decreases. In principle,
such a definition makes sense, since at room temperature the
rate of the AgCl formation is extremely low, and, moreover, its
growth occurs in the 3D mode.2–5 As a result, the AES/XPS
signal remains at the same saturation level up to huge chlorine
doses.

However, the direct assignment of the saturation level
to monolayer of chemisorbed chlorine on Ag(111) appears
to be problematic. Indeed, in TD spectra of Cl/Ag(111)
system a multilayer low-temperature peak appears early than
a saturation of the monolayer peak occurs. As a result, the
TD spectrum of saturated monolayer coverage contains both
monolayer and multilayer peaks. In other words, two different
chemical states should coexist on a surface at the saturation
point.

First, structural studies of the chlorinated silver (111)
surface performed at room temperature with LEED,2,6–10

RT-STM,12 and SEXAFS11 appear to be not informative.
Authors reported formation of a diffused (

√
3 × √

3)R30◦
pattern at initial stage of adsorption,2,6,8 assigned to a vacancy
honeycomb structure in a SEXAFS study by Lamble et al.11

At coverage close to the saturation level the appearance of the

complex LEED pattern was reported. All the published LEED
patterns seem to be very similar, but interpreted in a different
way. In particular, Rovida et al. found a distorted (3 × 3),6,7

Goddard et al. (10 × 10),8 while other authors assigned the
structure to the double diffraction from epitaxial AgCl layer.2,9

In the room temperature STM study by Andryushechkin
et al.12 the (17×17) periodicity was found for the saturated
layer.

In the most detailed room-temperature LEED work by
Bowker and Waugh2 two diffraction patterns were observed at
coverage close to saturation. One of them (pattern C) contains
fractional order beams at 0.28 and 0.72 reciprocal substrate
lattice units. At further increase of chlorine coverage pattern C
gradually transferred to more simple pattern D, with fractional
order beams remaining only at 0.72 reciprocal lattice units.
Note, that pattern D was also observed by Wu et al.10 for a
saturated chlorine coverage.

Thus, structural studies performed at room temperature did
not result in adequate models of atomic structures formed by
chlorine on Ag(111). The main problem was in the lack of the
coverage calibration point and the ambiguity of the chlorine
amount in each of surface structures that corresponded to
different LEED patterns. For many cases of halogen adsorption
on (111) planes of fcc metals,13,14 the formation of a simple
(
√

3 × √
3)R30◦ structure at 1/3 ML was usually used as

such a calibration point. However, the situation changed after
publication of the low temperature LEED data by Shard et al.15

They found out that a cooling of the Cl/Ag(111) system below
190 K leads to the normal behavior of a system, that is, to
appearance of the sharp (

√
3 × √

3)R30◦ LEED pattern at
the first stage of reaction. Further low temperature chlorine
dosing leads to the splitting of the overlayer spots into the
six-spots triangles similar to the case of Cl/Cu(111),8,16,18]
I/Cu(111),17 Br/Cu(111),19 and I/Ag(111),20 and, finally, the
same “complex” diffraction pattern is observed. Heating of
the sharp (

√
3 × √

3)R30◦ structure to 300 K gave rise to
complete disappearance of the chlorine spots, while a heating
of the system exhibiting the six-spot pattern resulted in a
diffuse (

√
3 × √

3)R30◦ pattern.
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FIG. 1. (Color online) (a) Panoramic STM image (3000 × 3000 Å2, Us = −8 V, It = 0.2 nA, 5 K) of Ag(111) after adsorption of 5000 L
of molecular chlorine at 300 K. (b) Typical STM image (292 × 292 Å2, Us = −1 V, It = 1.6 nA, 5 K) of saturated chlorine layer on the atomic
terrace demonstrating coexistence of the bright objects and islands of the (3 × 3) reconstruction. (c) An atomic-resolution STM image (40 ×
40 Å2, Us = −1.4 V, It = 0.5 nA, 5 K) showing atomic structure of bright clusters.

Recently we have shown that the application of low-
temperature (5 K) scanning tunneling microscopy in a com-
bination with DFT calculations makes possible recognition of
atomic structures formed by chlorine on silver surface.21 In
particular, we have shown that complex pattern C observed by
many authors is explained by the diffraction on a system of
the antiphase (3 × 3) nanodomains formed in the course of the
reconstruction of the upper silver layer.

In this work we have examined a saturated layer of chlorine
formed on Ag(111) at room temperature. According to the
notation made by Bowker et al.,2 this coverage corresponds
to a LEED pattern marked as D. Although, in the course of
the C–D transformation the Cl/Ag AES peak ratio increases
only by 15%,2 the structure of the chlorinated surface may
exhibit significant modifications. Indication on the surface
restructuring at this coverage range can be found in the low
energy ion scattering data published by Wu et al.22 The
authors observed that signal of chlorine increases with chlorine
exposure reaching its maximum at the coverage slightly below
the saturation level. Further increase of the coverage gives rise
to the drop of chlorine signal down to zero level at saturation
point.22 Taking into account a high surface sensitivity of low
energy ion scattering technique, one can suggest the formation
of a new type of reconstruction with upper atomic layers
mainly consisting of silver atoms.

The aim of the present paper is to recognize atomic
structure of saturated chlorine coverage on Ag(111) using low
temperature scanning tunneling microscopy in a combination
with DFT calculations.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

All experiments were carried out in a UHV setup containing
Omicron LT-STM operating at 5–77 K and LEED optics. The
silver (111) sample was prepared by repetitive circles of Ar+
bombardment (1 keV) and annealing up to 800 K. Chlorine
inlet on Ag(111) surface was done at room temperature using
a fine leak piezovalve.

All DFT calculations were carried out using the Vienna
ab initio simulation package (VASP)23–26 employing the
projector augmented wave method27 and PBE (Perdew, Burke,
Ernzerhof) functional.28 The plane-wave cut-off energy of
375 eV was applied. The silver substrate was modeled by a

four layer slab. During structure optimizations the top layer of
Ag atoms as well as the chlorine overlayer atoms were allowed
to relax, while the bottom three layers of Ag were held fixed.
A vacuum layer with a thickness of 14 Å was inserted between
two neighboring slabs. The integration of Brillouin zone was
done using Monkhorst-Pack29 k-point mesh (14 × 14 × 1) per
(1 × 1) of Ag(111). STM images were simulated from the DFT
results using the simple Tersoff-Hamann approximation30

considering states between EF and EF − 0.5 eV.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a panoramic STM image of Ag(111)
surface after exposure of 5000 L of molecular chlorine at
300 K. We associate a number of 3D objects with a height
of 15–100 Å clearly seen in STM image with silver chloride
islands.

We believe that atomic structure on the terraces which
coexist with 3D silver chloride islands should correspond to a
so called saturated chlorine layer.

The LEED pattern of such saturated layer did not exhibit
appreciable changes in comparison with complex pattern C
described in details in Ref. 21 with the exception of the little
blurring of the spots and the growth of the background level
associated with the appearance of the silver chloride islands.

According to the high-magnification STM image, the
surface area between 3D islands is covered by array of
the small bright objects. A typical STM image of a such
coverage is shown in Fig. 1(b). According to the STM image,
approximately one half of the surface is covered by domains
with characteristic corner holes. This type of reconstruction
of chlorinated Ag(111) surface has been considered in our
recent paper21 for the separate domains with the local
(3 × 3) periodicity. The size of most domains with recon-
struction is even less than a (3 × 3) unit cell, as seen from
Figs. 1(b) and 1(c). For this reason, in further discussion we
will call this reconstruction (3 × 3)-like.

The atomic-resolution STM image presented in Fig. 1(c)
indicates that each bright object can be considered as a cluster
with a six-atom basement and bright atom (or group of atoms)
in the middle. Clusters play the role of domain boundaries
between three adjacent antiphase domains of (3 × 3)-like
reconstruction, as shown in Fig. 1(c).
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FIG. 2. (Color online) (a) STM image (206×200 Å2, Us =
−1.2 V, It = 1.6 nA, 5 K) of chlorinated Ag(111) corresponded
to LEED pattern C. Triangular domain boundaries with two possible
orientation are indicated as 1 and 2. (b), (c) Fragments of the STM
images of domain boundary between three (3 × 3) domains and
cluster formed at “saturation.”

To clarify the process of clusters formation, we looked
again at the STM image of the chlorinated Ag(111) surface
acquired at a lower coverage (see Fig. 2). At this stage of
adsorption, separate domains of the (3 × 3)-like reconstruction
coexist with disordered structure approximately corresponded
to a compressed (

√
3 × √

3)R30◦ lattice, as shown in Fig. 2.
In our previous paper21 we have concentrated on the atomic
structure of the islands with the (3 × 3)-like reconstruction.
Here we will focus on the atomic structure of boundaries

between the adjacent (3 × 3) domains. According to Fig. 2, the
most interesting objects are formed on the boundary between
three adjacent (3 × 3) domains. They have a shape of triangles
consisting of six chlorine atoms. The arrangement of atoms in
the boundary and in the basement of the clusters appears to be
exactly the same, as shown in Fig. 2(b). Therefore we believe
that clusters are formed on top of the domain boundaries
between (3×3) domains. In this connection, it is of great
importance to understand the atomic structure of the domain
boundary including the structure of the underlying silver layer.

Note also that atoms belonging to these six-atom triangles
always look brighter in STM images than atoms belonging
to the (3 × 3) domains. Moreover, they are looking exactly
the same as atoms from a disordered compressed (

√
3 ×√

3)R30◦ lattice. In some places, one side of the triangle is
even incorporated in the disordered layer (see Fig. 2).

Now we turn to the construction of the atomic scale
model of the domain boundaries formed between (3 × 3)
domains. Figure 3(a) shows an STM image obtained with high
magnification of the three antiphase (3 × 3) domains and the
six-atom boundary in the middle. We tried to reproduce all the
features of the experimental image using the model of the (3
× 3)-like reconstruction proved in our recent paper.21

According to this model, within a (3 × 3) unit cell six Ag
atoms in the top layer are arranged in two triangles with atoms
occupying fcc and hcp sites, respectively. Chlorine atoms may
be placed between four Ag atoms and in the off-center position
in the hole.21 Thus the building block of the silver layer
reconstruction consists of three silver atoms. If we start to span
the surface with such building blocks simultaneously for three
antiphase domains giving positions of the corner holes from
the experimental STM image, then we will see the formation
of boundaries between domains. There are two types of the
boundaries. First type arises along the line of contact of two
domains. Due to the symmetry of the system one can find
three equivalent directions of this type of boundaries shown in
Fig. 3 by dashed line. On these lines new triangles consisting
of six silver atoms are formed. It is worth noting that some
atoms forming these triangles participate in the (3 × 3)-like
reconstruction in two adjacent domains. Due to increase of the
size of the silver triangle making domain boundaries there is an
additional threefold adsorption site in the middle also occupied

(b) 3x3

3x33x3

fcc

fcc
hcp

fcc
hcp

fcc
hcp

(c) 3x3

3x33x3

1

11

2 2

2

(a) 3x3

3x33x3

Ag 2nd layer Ag upper layer Cl in (3x3) domains Cl on the boundaries

FIG. 3. (Color online) (a) The fragment of the experimental STM image (40×40 Å2, Us = −1.2 V, It = 1.6 nA, 5 K) of the boundary
between three 3 × 3 islands. (b) Hard ball model demonstrating arrangement of silver atoms in the upper layer in each of three 3 × 3 domains
and under the domain boundary. Formation of the big fcc triangle with 1×1 periodicity is clearly seen; (c) Hard ball model showing positions
of chlorine atoms on the basement from (b).
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by bright chlorine atom. The second type of the boundary arises
in the place of the intersection of three antiphase domains.
According to the drawing presented in Fig. 3(b), it also has
a triangular shape and contains 21 silver atoms packed in the
(1×1) lattice. Similar to the case of more simple boundaries,
the corners of this big silver triangle participate as building
blocks in the (3 × 3)-like reconstruction in the neighboring
domains. The (1×1) arrangement of the inner atoms in the
triangle is necessary to produce threefold adsorption sites for
six “bright” atoms adsorbed on the boundary in accordance
with experimental STM image in Fig. 3(a). In our model,
six chlorine atoms occupy two different threefold positions
marked in Fig. 3(c) as 1 and 2 and form a characteristic bright
chlorine triangle. Such atom positions perfectly reproduce
interatomic distances of 4.4 Å measured in the STM image
between neighboring atoms on the sides of triangles. The
difference in adsorption sites explains the different brightness
of the three corner atoms and three side atoms.

As it follows from the STM image in Fig. 2, there are
two different orientations of six-atom chlorine triangles on the
surface (“corner up” and “corner down”). If we assume that
silver atoms in the (1 × 1) triangle lying in the basement of the
domain boundary in Fig. 3 occupy fcc positions, then silver
atoms in the basement of the domain boundary with opposite
orientation should occupy hcp sites.

To determine the atomic structure of clusters, we used DFT
calculations with VASP code. In general case, clusters do not
form a periodic lattice. However, in some places clusters form
a new “rosette-like” superstructure described by a (7 × 7)
unit cell as shown in Fig. 4(a). Taking into account that the
basement of each cluster is formed by a triangle of 21 silver
atoms with (1 × 1) periodicity (Fig. 3), we present in Fig. 4(b)
a model showing arrangement of silver atoms in the basement
of the (7 × 7) reconstruction. Within (7 × 7) unit cell there are

(b)
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1 1

2 2

2

3
3

3
3

4

(a) (b)

(c) (d)

77 xx 7

7 xx 7 7 xx 7

7x7
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fcc

FIG. 4. (Color online) (a) The fragment of the experimental STM
image (81 × 41 Å2, Us = −0.8 V, It = 0.8 nA, 5 K) demonstrating
partial ordering of clusters in a (7 × 7) superstructure. (b) The
arrangement of silver atoms in upper layer corresponded to the STM
image from (a). (c) and (d) STM image (Us = −1.2 V, It = 1.6 nA)
and hard ball model of the (7 × 7) reconstruction. Different adsorption
sites for chlorine atoms are indicated. Threefold positions marked as
1 and 2 correspond to atoms in the basement of clusters. Chlorine
atoms also occupy the site 3 with nearly fourfold symmetry and the
corner-hole site 4 as in original (3 × 3) reconstruction.

two oppositely oriented triangles of silver atoms. In the first
triangle, atoms occupy fcc sites, whereas in the second one hcp.
Chlorine atoms may occupy threefold hollow adsorption sites
on silver triangles marked as 1 and 2 forming a characteristic
chlorine triangle, as shown in Figs. 4(c) and 4(d). Between
silver triangles there are nearly fourfold hollow adsorption
sites marked as 3 similar to the case of the original (3 ×
3)-like reconstruction. Similar to the case of the (3 × 3)-like
reconstruction, the holes in the corners of the (7 × 7) unit cell
are occupied by chlorine atoms in positions 4.

Note that a complete (7 × 7) reconstruction is not realized in
a real experiment even at saturation coverage. However, from
the theoretical point of view it appears to be very convenient
for DFT modeling of the clusters due to minimum size of the
unit cell. That is why all model calculations performed for
clusters were made using the (7 × 7) unit cell.

In our DFT calculations we considered all the stages of
clusters formation. First, a simple model of the six chlorine
atom triangle was considered [see Fig. 5(a)]. Using a Tersoff-
Hammann approach,30 we have calculated a theoretical STM
image for this structure. The result of calculations obviously
reproduces all features of the experimental STM image
including a difference of the brightness between chlorine
atoms in different types of the threefold positions [marked
in Fig. 4(d) as 1 and 2].

On the next stage we have tested two simple structures
with an additional chlorine or silver atom placed in the middle
of a six-atoms chlorine triangle. The models and results of
calculations are shown in Figs. 5(b) and 5(c) together with
an experimental STM image of the cluster. We see that the

STM
DFTModels Exp.

Cl6

Cl7

AgCl6

(a)

(b)

(c)

Cl

Ag

Cl Cl Ag AgCl

FIG. 5. (Color online) (a) Structural model of the initial chlorine
six-atom triangle and corresponding theoretical STM image shown
in comparison with experimental STM image. (b) and (c) Cluster
models Cl7 and AgCl6 together with theoretical STM images shown
in comparison with STM image of the cluster obtained at saturation
of chlorine coverage.
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FIG. 6. (Color online) Experimental STM image (70×70 Å2, It =
1.5 nA, Us = +536 mV, 5 K) of the intermediate chlorine coverage
on Ag(111) demonstrating different stages of clusters formation. 0
are unfilled initial triangles, 1 are one additional object in the corner,
2 are two objects in the corners, 3 are three objects in each corner,
and 4 are a complete cluster.

correspondence of both theoretical images with the experiment
is rather poor.

To look for a correct model, we considered an STM image
corresponding to the case of incompletely formed clusters, as
shown in Fig. 6. One can find five different types of objects
on the surface. A simple triangle containing six chlorine atom
is marked as 0. In all objects marked as 1 we detect a light
spot in one of the corners of triangle. In the objects 2 already
two corners are occupied, and in the objects 3 there is a light
spot in each corner of triangle. Note also, the presence of the
distinct minimum in the center of the object 3. Finally, we
marked as 4 the complete clusters with characteristic bright
spots in the center of triangle. We believe that objects 1–4
represent the stages of clusters formation. In this process the
initial basement 0 accumulates step-by-step four additional
atoms (chlorine and/or silver).

We also assume clusters to be AgCl particles of the
minimum size taking into account their formation at saturated
coverage. Indeed, the bulk crystal of silver chloride of NaCl
type consists of two face cubic lattices of silver and chlorine, as
seen from Fig. 7(a). Chlorides of fcc metals are known to grow
on metal surfaces with their hexagonal plane being parallel to
the substrate.31–34 In Fig. 7(b) a perspective projection of the
AgCl “cube” on a {111} plane is presented. We see that the

ClAg
1

2
3

AgCl

(a) (b)

3.93 Å

FIG. 7. (Color online) The crystal structure of AgCl (NaCl type).
(a) 3D view. (b) Perspective projection of AgCl structure on the {111}
plane. Three upper planes are indicated as 1, 2, and 3.

upper plane consists of a single chlorine atom from the corner
of the cube. Next plane contains three silver atoms. Finally,
in the third plane we see a triangle of six chlorine atoms,
being similar to the triangle in the basement of the clusters in
our experiments. Thus, by analogy with bulk silver chloride
structure, we can assume that a model of silver chloride cluster
Ag3Cl7 (Cl-Ag3-Cl6) is a natural choice for the explanation
of our experimental data. Note also, that additional silver
atoms necessary for Ag3Cl7 formation could come from the
upper silver substrate layer in the course of the (3 × 3)-like
reconstruction.

Figure 8 presents optimized models and corresponding
theoretical and experimental STM images (Us = −500 mV)
describing the stages of Ag3Cl7 formation on the basement
of a six-atom triangle. According to our calculations, an
additional silver atom in a corner of the triangle gives rise
to appearance of the light feature in a good correspondence
with the experimental observation [Fig. 8(a)]. These kind of
objects (cluster AgCl6) appear in the STM images rather early
simultaneously with islands of the (3 × 3)-like reconstruction,
as seen from Fig. 2(a). Further DFT calculations were
performed for cluster Ag2Cl6 corresponding to occupancy of
two corners of triangles with silver atoms. Excellent agreement
of theoretical STM image and experimental images is obvious

STM
DFTModels Exp.

(a)

(b)

(d)

AgCl6

Ag Cl2 6

Ag Cl3 7

Ag

Ag

Ag

Cl

Cl Cl Ag AgCl

(c)

Ag

Ag Cl4 6

FIG. 8. (Color online) Structural models describing the formation
of clusters and corresponding theoretical STM images shown in
comparison with experimental observations. (a) Cluster AgCl6,
(b) Cluster Ag2Cl6, (c) Cluster Ag4Cl6, (d) Cluster Ag3Cl7. The-
oretical STM images for (a) and (b) are shown in comparison
with appropriate experimental STM frames acquired at intermediate
coverages. For (c) and (d) comparison was made with STM image of
cluster obtained at saturation.
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from Fig. 8(b). A cluster Ag3Cl6 with three silver atoms in
the corners of the triangle was also considered with DFT.
However, it is not shown in Fig. 8, since we were not able
to acquire a high-resolution STM image of such objects at
negative bias voltage required for the correct comparison with
the theoretical image. At positive voltages (see Fig. 6), the
resolution appeared to be much worse.

On the final step of the cluster design we have tested silver
[Fig. 8(c)] and chlorine atoms [Fig. 8(d)] placed above the
center of Ag3Cl6 cluster. We see that the model with four silver
atoms does not correspond to the experimental observation,
whereas the theoretical STM image of the Ag3Cl7 pyramid
with a chlorine atom on top and the experimental STM image
of a cluster observed at saturation are very similar.

Thus, we have shown that a 2D array of clusters Ag3Cl7 is
formed on the Ag(111) surface at saturation of chlorine cov-
erage. The sequence of atomic layers in Ag3Cl7 corresponds
well to the sequence of layers in a silver chloride bulk crystal
in the direction 〈111〉. Optimized atomic coordinates for the
Ag3Cl7 model obtained as a result of the DFT calculations are
presented in Table I.

It is of interest to analyze the atomic structure of the Ag3Cl7
pyramid in comparison with AgCl lattice. In the case of bulk
AgCl the interplane distances in a 〈111〉 direction are equal to
1.60 Å.35 In the case of Ag3Cl7, the distance between upper
chlorine atom and the plane consisting of three silver atoms is
equal to 1.468 Å that roughly corresponds to a bulk value. In
our model, pairs of atoms Ag1-Ag2, Ag2-Ag3, and Ag3-Ag1
are separated by distance of 3.636 Å that is slightly less than the
nearest neighbor distances in a (111) plane of bulk AgCl crystal
equaled to 3.93 Å.35 Our calculations show that silver atoms
(Ag1, Ag2, Ag3) occupy approximately threefold hollow
adsorption sites above upper silver layer. The same threefold
hollow positions are also occupied by six chlorine atoms
from the basement of cluster. That is why the short distance
(≈0.39 Å) between silver plane in Ag3Cl7 and an average basal
chlorine plane is not surprising. Note, that we also obtained a
little contraction of the nearest-neighbor chlorine distances
in a basal chlorine plane (≈4.13 Å) in comparison with
Cl-Cl distances in a six-atom domain boundary from Fig. 2(b)
(≈4.4 Å).

Thus, according to our analysis, the upper chlorine atom
and three silver atoms occupy positions in a slightly distorted
AgCl lattice. The basement of the Ag3Cl7 cluster could be

TABLE I. Atomic coordinates of chlorine and silver atoms in the
Ag3Cl7 cluster.

Atom label xDFT (Å) yDFT (Å) zDFT (Å)1

Cl0 0.000 11.928 11.218
Ag1 −1.818 12.978 9.752
Ag2 1.818 12.978 9.752
Ag3 0.000 9.829 9.752
Cl1 −4.023 14.251 9.393
Cl2 0.000 15.198 9.334
Cl3 4.023 14.251 9.393
Cl4 2.832 10.293 9.334
Cl5 0.000 7.283 9.393
Cl6 −2.832 10.293 9.334

50 nA

(d)

(a) (b)

(c)

DFT Cl7 EXP.

FIG. 9. (Color online) STM images (36×40 Å2, It = 1.5 nA,
Us = +536 mV, 5 K) (a) before and (b) after the scanning of the
current frame with tunnel current 50 nA. (c) Theoretical image of
Cl7 cluster, (d) High resolution STM image (It = 1.5 nA, Us =
−500 mV) of the cluster modified by the tip action.

considered in some sense as an interface between Ag(111)
substrate and cluster Ag3Cl.

It is noteworthy that Ag3Cl7 clusters are rather soft and can
be easily modified by the tip of STM even at 5 K. Indeed, we
found out that raising the tunnel current to 50 nA leads to the
modification of clusters, as shown in Figs. 9(a) and 9(b). We
see that all the bright objects were removed from the basement.
Even after action of the tip the centers of some triangles remain
to be occupied. The high-resolution STM image of this new
object shown in Fig. 9(d) appears to be exactly the same as the
theoretical STM image of the cluster Cl7 initially presented
in Fig. 6. Artificial cluster Cl7 was never observed after room
temperature chlorine adsorption. In any case, this observation
is an additional support of the structural model suggested for
the description of experimentally observed clusters.

IV. CONCLUSIONS

In conclusion, using LT-STM and DFT we have determined
the morphology and the atomic structure of the saturated
chlorine coverage on Ag(111) formed as a result of the
room temperature adsorption. According to our findings, two
different phases coexist on the surface: islands with a (3 ×
3)-like reconstruction and clusters Ag3Cl7. The process of the
final structure formation is self-consistent. In other words,
silver atoms extracted from the substrate in the process of the
(3 × 3)-like reconstruction participate in formation of clusters
on the boundaries between adjacent (3 × 3) domains. We have
discovered a new type of the surface object (cluster Ag3Cl7)
never discussed previously in the literature for Cl/Ag system.

We think that Ag3Cl7 clusters hardly can be considered
as nuclei for the growth of 3D silver chloride islands. To
build 3D silver chloride crystallite one should have a source
of silver atoms. On the atomic terraces such a source has a
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limited capacity determined by the number of atoms extracted
in the course of the (3 × 3) reconstruction. In other words, the
number of available silver atoms on the terrace is not enough to
build multilayer chloride. Moreover, when the saturated layer
(3 × 3 and Ag3Cl7) forms, it becomes very difficult to extract
additional silver atoms. That is why the sticking probability
of chlorine drastically decreases after formation of saturated
layer.2 The preferable growth of 3D silver chloride starts on
the step edges, the natural defects of the surface. We believe
that at such places it is easier to extract silver atoms necessary
for the AgCl lattice construction. From our data we cannot
definitely say that saturated layer remains under the AgCl
islands. However, our recent data for the AgI film growth
on Ag(100) indicate that saturated monolayer remains as an
interface between substrate and halide film.34

Our result could be interesting in the explanation of the
thermodesorption spectra obtained in the work of Bowker
et al.2 Here we evidently demonstrated the presence of two
different phases on the surface at saturation. It is likely that
clusters contribute to the “multilayer peak,” while chlorine
from domains with a (3 × 3)-like reconstruction desorbs in
the “monolayer peak.” The energy of desorption for both
phases could be quite similar, which explains intersection of
the thermodesorption peaks.

On the basis of our results it becomes possible to recognize
the unusual behavior of the chlorine signal in low energy

ion scattering experiments published by Wu et al.22 In our
interpretation, after formation of the clusters the main part
of chlorine atoms becomes screened by the upper silver
atoms belonging to the clusters. Another point concerned
the promotional effect of chlorine in a reaction of ethylene
epoxidation. According to Campbell36 the selectivity of the
reaction increases with chlorine coverage, however speed
of reaction goes to zero at saturation of chlorine coverage.
In our work, at coverage slightly below the saturation we
observed uncomplete clusters Ag3Cl6, Ag2Cl6, and AgCl6.
The chemical state of the silver atoms in these structures could
be different from that of atoms from the bulk. Therefore,
the system can be interesting from the point of view of
oxygen adsorption into these new adsorption sites that could be
important in the further studies of mechanism of epoxidation
reaction.
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