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Structure of chlorine on Ag(111): Evidence of the (3 X3) reconstruction

B. V. Andryushechkin,"»* V. V. Cherkez,'> E. V. Gladchenko,'* G. M. Zhidomirov,' B. Kierren,? Y. Fagot-Revurat,’
D. Malterre,? and K. N. Eltsov!?
Unternational Joint Laboratory IMTAS, A.M. Prokhorov General Physics Institute, Russian Academy of Sciences, Vavilov Str. 38,
119991 Moscow, Russia
2International Joint Laboratory IMTAS, Institut Jean Lamour, UMR CNRS 7198, équipe 102, Departement Physique de la Matiére
et des Matériaux, Université H. Poincaré—Nancy, BP 239, 54506 Vandoeuvre les Nancy, France
3Moscow Institute of Physics and Technology, Institutskii per. 9, 141700 Dolgoprudny, Moscow Region, Russia
(Received 6 May 2010; published 25 May 2010)

The structure of the chlorine induced reconstruction of Ag(111) has been studied by a combination of
low-temperature scanning tunneling microscopy (STM), low-energy electron diffraction (LEED), and density-
functional theory (DFT). We demonstrate that previously observed mysterious LEED pattern arises as a result
of diffraction from a system of small (15-30 A) triangular antiphase domains with a new (3 X 3) superstruc-
ture. In our model supported by DFT calculations, within a (3 X 3) unit cell the upper silver layer reconstructs
forming a couple of three-atom triangles placed in fcc and hep sites of the substrate. Chlorine atoms occupy
fourfold hollow sites between these triangles. The corner holes, which look like depressions in the STM

images, are also occupied by chlorine atoms.

DOLI: 10.1103/PhysRevB.81.205434

I. INTRODUCTION

Determination of the atomic structures formed by over-
layers on surfaces is an important task for surface science. In
recent years, such problems have been solved rather effec-
tively by scanning tunneling microscopy (STM) in combina-
tions with other structural techniques. However, there are
structures that remain unsolved since their first observations
in the early 1970s. An interesting example is the Ag(111)
surface reacting with oxygen and chlorine. The interest in the
O-Ag and Cl-Ag interactions is related to the industrial re-
action of ethylene epoxidation where silver and chlorine par-
ticipate as the catalyst and the promoter, respectively.!

The structure of the p(4 X 4) phase formed by oxygen on
Ag(111) was decoded quite recently>™ but the role of this
structure, as well as other oxygen structures, in the industrial
process is still under debates.’ Since the sticking probability
of chlorine with silver surface is several orders of magnitude
larger than the sticking probability of oxygen, even in indus-
trial conditions the reaction of ethylene and oxygen takes
place on the silver catalyst precovered with chlorine. In this
connection, the atomic scale understanding of the structures
formed by chlorine on Ag(111) is of profound importance.
According to Campbell,® the promotional effect of chlorine
preadsorbed on Ag(111) surface reaches its maximum at Cl
coverage close to a saturation level. This high-coverage ad-
layer exhibits a characteristic low-energy electron diffraction
(LEED) pattern described in pioneering work of Rovida er
al” as distorted 3 X 3. Unfortunately, even after 36 years of
research no understanding whatsoever of the actual atomic
structure responsible for this diffraction pattern has been
achieved. In the paper, we report solving this complex struc-
tural problem from low-temperature atomic scale STM ex-
periments and density-functional theory (DFT) calculations.
We have shown that all previous models are incorrect and
propose a new model which is able to explain all our experi-
mental findings.
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The structure of chlorinated silver (111) surface has been
studied by LEED,””!3 RT-STM,'* and extended x-ray-
absorption fine structure.'®!> The room-temperature chlorine
adsorption on Ag(111) gives rise to the appearance of the
complex LEED pattern interpreted as distorted (3 3),7%
(10X 10),210 (17 X 17),'* and double diffraction from epitax-
ial AgCl layer.!"-'? In fact, all the authors observed very simi-
lar LEED patterns but interpreted them in a different way.
The conclusions on the surface periodicity in Ref. 14 were
also made in the reciprocal space on the base of Fourier-
transformed (FT) STM images due to insufficient resolution
at room temperature. The aim of the present work is to prop-
erly explain this mysterious LEED pattern and determine the
atomic structure responsible for it.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

All experiments were carried out in a UHV setup contain-
ing LT-STM Omicron 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. Chlo-
rine introduction on Ag(111) was done at room temperature
using a fine leak piezo-valve. All DFT calculations were car-
ried out using the Vienna ab initio simulation package'®-!"
employing the projector-augmented wave method?® and Per-
dew, Burke, and Ernzerhof functional.?! The plane-wave cut-
off energy of 425 eV was applied. The silver substrate was
modeled by a five-layer slab. During structure optimizations
the top three layers of Ag atoms as well as the chlorine
overlayer atoms were allowed to relax while the bottom two
layers of Ag were held fixed. A vacuum layer with a thick-
ness of 20 A was inserted between two neighboring slabs.
The integration of Brillouin zone was done using
Monkhorst-Pack?? k-point mesh (24 X 24X 1) per (1 X 1) of
Ag(111). STM images were simulated from the DFT results
using the simple Tersoff-Hamann approximation®® consider-
ing states between Ey and E—0.8 eV. The simulation of the
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FIG. 1. (Color online) (a) LEED pattern (Ey=76 eV and 300 K)
obtained for chlorine on Ag(111) at coverage close to the saturation;
(b) An atomic-resolution STM image (200X200 A2, U,=—1 V,
I,=1.6 nA, and 5 K) recorded at the same coverage as diffraction
pattern from (a); (c) Fourier transformation of the STM image from
(b); (d) fragment of the STM image showing coexistence of the
antiphase (3 X 3) domains. The positions of the (3 X 3) spots in the
reciprocal space in (a) and (c) correspond to knots of the grid shown
by dashed lines. (e) Radial distribution function for two-
dimensional array of the (3 X 3) islands calculated from the STM
images; (f) island size distribution shown as a function of the num-
ber of the (3 X 3) cells in the island.

STM images has been performed for two different tip/sample
distances: 2—3 A and 3-4 A accounting for the different
experimental backloop stabilization parameters (large
current/small voltage, i.e., small distance or low current/large
voltage, i.e., large distance).

III. RESULTS AND DISCUSSION

Figure 1(a) shows a LEED pattern after room-temperature
chlorination of the Ag(111) surface. The LEED pattern ex-
hibits numerous spots, with bright fractional-order beams ap-
pearing at 0.72 reciprocal-lattice units between the integral
order beams in good correspondence with early
observations.”™!* The cooling of the sample to 100 K did not
produce any changes in the LEED pattern. The LT-STM im-
age shows an array of triangle-shaped islands of 15-30 A in
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FIG. 2. (Color online) The fragments of the experimental STM
images of the 3 X3 island acquired at 5 K with different tunnel
conditions. (a) Ug,=-773 mV, [,=0.2 nA; (b) U,=50 mV, I,
=2.0 nA.

size on the surface, surrounded by a slightly disordered struc-
ture with atoms approximately arranged in a (V3 X V3)R30°
lattice, as shown in Fig. 1(b). STM images recorded at 77 K
have shown the same kind of islands. FT of the STM image
shown in Fig. 1(c) appears to be very similar to the LEED
pattern. The contribution of the disordered phase to the dif-
fraction and FT patterns is in the increase of diffuse
background.

The local structure of each island is well described by a
(3 X 3) lattice with a unit mesh of 8.67 A X8.67 A [see Fig.
1(d)]. The neighboring (3 X 3) islands appear to be out of
phase with each other as follows from Fig. 1(d). Therefore,
the array of islands can be considered as a system of
(3 X 3) antiphase domains. Note that the total number of the
nonequivalent (3 X 3) domains on the (111) surface is equal
to nine. It is well known that if antiphase domains are
formed, the overlayer spots in the diffraction pattern will be
split.?*~26 Indeed, the spots in Fig. 1(a) form groups around
the (3 X 3) spots positions, i.e., the diffraction pattern can be
classified as “split” (3 X 3). The splitting observed in LEED
and FT does not correspond to formation of ordered array of
the (3 X 3) islands. According to McKee et al.,”® the splitting
arises as result of the interference between beams diffracting
from antiphase domains. Houston and Park?’ have shown
that “sharp” splitting in diffraction pattern is produced even
by the system with wide distribution of antiphase domain
sizes. The amount of splitting in this case is determined by
the average domain size. McKee et al.?> considered the effect
of separation between domains in addition to the basic an-
tiphase interference. According to the authors, the splitting of
main half-order spots remains. It depends on the domain size
and the separation between domains. In our case, the distri-
butions of the size of the (3 X 3) islands (10-20 A) and the
distances between them (20—40 A) are rather sharp [see
Figs. 1(e) and 1(f)] that, likely, makes possible observation
of the well-defined spots both in LEED and FT.

We see that chlorine structure in average is incommensu-
rate with the substrate. Now it is clear that in all early works
authors tried to describe this complicated incommensurate
structure by a single domain high-order commensurate struc-
ture, which obviously resulted in discrepancies of the data
interpretation.

Now we turn to the details of atomic structure of the (3
X 3) phase. Figure 2(a) demonstrates a magnified fragment
of the STM image of the (3 X 3) structure. The STM image
in Fig. 2(a) shows atomic rings surrounding dark depres-
sions. Each protrusion in Fig. 2(a) is assigned to one chlorine
atom. Such interpretation is used in all works on the adsorp-
tion of halogens on fcc metals (see, for example, Refs. 28
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FIG. 3. (Color online) Structural model of the (3 X3) recon-
struction. Within (3 3) unit-cell six Ag atoms in top layer are
arranged in two triangles with atoms occupying fcc and hep sites,
respectively. Chlorine atoms may be placed between four Ag atoms
and on top of the silver atom in the hole.
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and 29). We would also like to emphasize that at all tunnel-
ing voltages we have ever used on Ag(111) (-2 V)-
(+2 V), individual chlorine atoms observed at submonolayer
coverages (0.01-0.3 ML) are also visualized as protrusions.
In shown below DFT simulation results for the 3 X 3 phase,
protrusions in STM images are always associated with chlo-
rine atoms.

The coverage estimated from the visible structure (bright
atoms) is equal to 0.33 ML. However, the low- temperature
LEED measurements by Shard et al.'® and our recent data®®
indicated that at 0.33 ML a simple (y/_ 3X \3)R30° commen-
surate lattice is formed while a pattern similar to that shown
in Fig. 1(a) appears at higher coverage. In this connection it
is reasonable to assume that centers of the rings are also
occupied by chlorine atoms. To verify this idea, we acquired
STM images at different tunnel currents and different bias
voltages. We have established that an increase in the tunnel
current to the value >2 nA with a bias voltage <100 meV
leads to the appearance of small protrusions inside the holes
as shown in Fig. 2(b). Assuming these protrusions are indeed
additional chlorine atoms, the coverage of 0.44 ML can be
estimated accordingly to the findings of Refs. 10 and 30.
Interestingly, that atoms in each hole may occupy different
off-center positions in correspondence with the sixfold sym-
metry of the ring [see Fig. 2(b)].

It is noteworthy that all bright atoms belonging to the
(3X3) domains appear to be 51tuated lower than atoms from
the surrounding disordered (V3 X \3)R30° layer by a value
of 0.5 A irrespective to the bias voltage. The atomic modu-
lation inside (3 X 3) islands also equals to 0.5 A. All these
observations indicate that the formation of the (3 X 3) phase
is related to a reconstruction of the silver layer. Additional
support to this statement is the observation of bright objects
near the edges of (3X3) islands [see Fig. 1(b)]. These ob-
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FIG. 4. (Color online) Structural models and Tersoff-Hamann
simulated STM images for the (3 X3) phase calculated for two
different tip heights: 2-3 A and 3—-4 A. (a) The model without
atoms in the holes (coverage 0.33 ML); (b) the model with one CI
atom per hole placed in symmetrical position (coverage 0.44 ML);
and (c) the equilibrium structure with one CI atom per hole shifted
off-center by 0.7 A in the direction of the close-packed atomic
rows of Ag(111) (coverage 0.44 ML).

jects can be assigned to the excess of silver atoms extracted
from the substrate.

To create an appropriate model of the (3 X 3) phase, we
used ideas of the Ag(111)-p(4X4)-O reconstruction sug-
gested in Refs. 3 and 4. Using the same approach, six Ag
atoms were left in the topmost substrate layer within the (3
X 3) unit cell. Three of them keep their original fcc positions
and another three were moved to the hcp ones. As a result,
the nearly fourfold hollow adsorption sites for chlorine at-
oms were created (see Fig. 3). The additional chlorine atoms
can be placed in the corners of the unit cell. This model was
used as a starting point of the density-functional theory
calculations.

Figure 4 shows results of the optimization of atomic co-
ordinates and corresponding simulated STM images. First,
we have tested our model derived from Fig. 3 without occu-
pancy of the corner holes by chlorine atoms. The simulated
STM image in Fig. 4(a) well reproduces the experimental
data with the exception of the presence of the feature in the
center of the atomic rings. No protrusions appear in the hole
at any parameters of the STM image simulation. In other
words, the protrusion cannot be reproduced without placing
an additional atom in the hole. For data shown in Fig. 4(b)
the starting model included chlorine atoms in the corner
holes. Our calculations demonstrate that at large tip/sample
distance no bright features appear in the hole, whereas at
small distance they become visible in the simulated STM
images.

In the case of Fig. 4(b) the chlorine atom in the corner
hole is situated on top of the silver atom from the second
layer. We believed that such position does not correspond to
the equilibrium. To find a new minimum, in the starting
model the position of the chlorine atom was shifted by 0.1 A
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TABLE I. Calculated adsorption energies for different chlorine
structures on Ag(111).

G} Ead.v
Structure (ML) (eV/atom)
(V3% \3)R30° (fcc) 033 ~1.543
(3% 3) Fig. 4(a) 0.33 -1.320
(3% 3) Fig. 4(b) 0.44 ~1.342
(3% 3) Fig. 4(c) 0.44 —1.360

from the center of the ring. The result of the optimization is
presented in Fig. 4(c). For chlorine atom in the hole it ap-
pears energetically more favorable to be shifted by 0.7 A
from the center of the ring in the direction of the close-
packed atomic rows of Ag(111). As a result of this displace-
ment, chlorine atom occupies position equally spaced by
~2.7 A from two silver atoms of the reconstructed layer and
one silver atom in the hole [see Fig. 4(c)], i.e., in fact, chlo-
rine shifts into a threefold coordination site. If remember that

TABLE II. Atomic positions of the Ag(111)-(3 X 3)-ClI recon-
struction listed for chlorine and three upper silver layers.

XDFT YDFT IDFT

Atom label (A) (A) (A)

Cl 0.725 0.072 10.027
Cl 4.587 0.013 11.031
Cl 2.232 3.916 11.008
Cl -2.192 3.812 11.006
Agl 1.526 6.014 9.497
Agl -1.592 6.051 9.529
Agl 4.420 4.332 9.515
Agl -0.006 3.328 9.509
Agl 5.963 1.672 9.505
Agl 2.856 1.659 9.533
Ag2 2.942 5.110 7.188
Ag2 -0.022 5.118 7.199
Ag2 5.890 5.103 7.172
Ag2 4413 2.561 7.197
Ag2 1.470 2.573 7.164
Ag2 7.366 2.563 7.182
Ag2 5.890 0.009 7.184
Ag2 2.962 0.010 7.149
Ag2 -0.030 0.002 7.350
Ag3 2.958 6.824 4.826
Ag3 -0.003 6.812 4.778
Ag3 -2.974 6.827 4.821
Ag3 4.417 4.261 4.791
Ag3 1.464 4.269 4.782
Ag3 —1.484 4.261 4.781
Ag3 5.893 1.707 4.792
Ag3 2.944 1.711 4.791
Ag3 -0.008 1.687 4.822
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FIG. 5. (Color online) Density of states projected on chlorine
and silver atoms calculated for Ag(111)-(3 X 3)-Cl structure. The
energies are shown with respect to Fermi level.

at 0.33 ML chlorine atoms adsorbs on Ag(111) in fcc three-
fold hollow sites with the distance to the nearest silver atoms
about 2.62-2.66 A3 the trend to have threefold coordi-
nation is not surprising. Adsorption energies calculated for
the considered above (3 X 3) models are listed in Table I in
comparison with adsorption energy for the simple ( V3

X \3)R30° chlorine overlayer. The energy gain of the off-
center position in Fig. 4(c) compared to the symmetrical po-
sition [Fig. 4(b)] is 18 meV per atom (see Table I). The
simulated STM images also demonstrate the off-center shift
of the protrusion inside the atomic rings more pronounced at
low tip height in good agreement with experimental STM
observations [Fig. 2(b)]. Note that due to the symmetry of
the system, the displacements along the six directions are
equiprobable. Atomic coordinates of chlorine and three up-
per silver layers corresponding to the final model from Fig.
4(c) are listed in Table II.

To complete the analysis, we tried to place silver atoms in
the corner holes. Similar to the case of chlorine, the simu-
lated STM images (not shown here) demonstrate the bright
feature in the center of a hole, more pronounced at low tip
heights. However, we failed to get the off-center configura-
tion of the silver atom. The DFT calculations show that the
minimum of energy corresponds to the symmetrical position.
This result is not in line with experimental STM observa-
tions. Moreover this model would be in disagreement with
the overall Cl coverage.

Looking for the appropriate structural model of the (3
X 3) phase, a number of other initial structures have also
been tested with DFT. The structures optimization performed
for the simple (3 X 3) overlayer and for the corrosion layer
model by Rovida and Pratesi® destroyed the starting models
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and produced simulated STM images different from those
observed in the real experiments.

Our experimental and theoretical data (see Fig. 4 and
Table I) are to some extent in line with the general trend
derived in the theoretical study of Cl/Ag(111) system by
Gava et al.*3 The authors found that at coverages exceeding
0.33 ML the magnitude of adsorption energy decreased.
Moreover, at critical coverage of 0.5 ML the mixed on-
surface and substitutional adsorption structures becomes
competitive with the simple on-surface adsorption. In these
terms, the (3X3) structure corresponding to coverage of
0.44 ML can be considered as the initial stage of the mixed
layer formation since Cl atoms in the hole are only 0.5 A
higher than silver atoms from the upper silver plane.

For the final (3 X3) model we also calculated PDOS
curves for chlorine and silver states (see Fig. 5). The clearly
seen mixing of chlorine and silver states both in occupied
and unoccupied part indicates the covalent bonding. Note
that similar PDOS curves were reported in Ref. 33 for simple
chlorine overlayer.

IV. CONCLUSIONS

In conclusion, we have established that at chlorine over-
layer close to the saturation the Ag(111) surface reconstructs

PHYSICAL REVIEW B 81, 205434 (2010)

forming the (3X3) unit cell. Using DFT calculations, we
constructed an atomic scale model of chlorinated silver (111)
surface in an excellent agreement with experiment. It would
be desirable to verify our model by either SXRD or dynami-
cal LEED techniques, as was done in the case of
Ag(111)-p(4 X 4)-0,*3* but diffraction methods hardly make
sense because of the presence of small antiphase domains of
the (3 X 3) phase. The reconstruction Ag(111)-(3 X 3)-Cl de-
coded in the present work appears to be similar to the recon-
struction Ag(111)-p(4 X 4)-0.3* Chlorine and oxygen do oc-
cupy the similar adsorption sites. This information may be
important for the understanding of the chlorine role in the
increase in the selectivity of ethylene epoxidation.
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