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The lateral interaction between chlorine atoms adsorbed on the
Ag(111) surface results in the formation of a (1/3%x+/3)R30° struc-
ture at the coverage 6 = 0.33. This structure is experimentally
observed by the methods of low-energy electron diffraction and
scanning tunnel microscopy at sufficiently low substrate tempera-
tures. With increase in the temperature, the (1/3x+/3)R30° struc-
ture disorders, which results in the vanishing of the characteristic
reflections from the diffraction image at room temperature. The
Monte Carlo simulation with parameters of the lateral interaction
energy calculated with the help of the density functional theory
has elucidated important features of the formation of surface struc-
tures and the order—disorder transition taking place with increase
in the temperature. In particular, it is shown that the transition
is very abrupt, which is due to a sufficient number of free adsorp-
tion sites and the substantial repulsive lateral interaction between
adatoms.

1. Introduction

The urgency of a detailed investigation of the proper-
ties of chlorine adlayers on the silver surface is dictated,
first of all, by demands of catalysis. Chlorine is a selec-
tivity promoter of the reaction of ethylene oxidation on
the catalytic silver surface used in the chemical industry.
The adsorption of chlorine on Ag(111) was widely stud-
ied both theoretically and experimentally [1-21], partic-
ularly with the help of the methods of low-energy elec-
tron diffraction (LEED) [1-5], surface-extended X-ray
absorption fine structure (SEXAFS) [5, 14], thermal des-
orption [2,3], Auger spectroscopy [1-3|, scanning tunnel
microscopy (STM) [4, 13, 15], temperature programmed
X-ray photoelectron spectroscopy (TPXPS), as well as
with the use of calculations performed in the framework
of the density functional theory (DFT) [17-21].

The adsorption of chlorine on the Ag(111) surface
is accompanied by the dissociation of a Cly molecule
(exothermic reaction with almost zero activation barrier
[2]). The initial sticking coefficient of Cl on the Ag(111)
surface amounts to 0.4 [3]. At room temperature and
coverages up to a half of a monolayer (ML), chlorine
does not diffuse into the substrate, and its atoms remain
in the chemisorbed state on the surface [16, 21]. At
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low coverages, the bond between chlorine atoms and the
Ag(111) surface is rather strong (2.9-3.0 ¢V for = 0.33
ML in the (1/3x+/3)R30° structure [17]), and its energy
exceeds the dissociation energy of a chlorine molecule
(2.476 €V [21]). According to the rule proposed in [2,
22] for diatomic gases, such a relation between the bind-
ing energies testifies to the fact that, at low coverages
(up to 0.33 ML), chlorine will be desorbed in the atomic
form (i.e. without recombination into Cly). The atomic
form of the chlorine desorption from the Ag(111) sur-
face was really observed in [2]. At coverages close to the
saturation one, the desorption takes place in the form of
AgCl [3, 12].

For larger coverages (6 > 0.5) and temperatures in the
range 300-600 K, the Ag(111) surface is reconstructed
with the formation of assemblies of triangular islands
with the (3x3) symmetry [13] surrounded by a film with
the (v/3x4/3)R30° structure. At the formation of the
saturated chlorine coverage, AgsCl; clusters are gen-
erated at the boundaries between islands of the (3x3)
structure. The maximum possible coverage corresponds
to 0.55. With increase in the temperature, chlorine is
desorbed at temperatures of 650-780 K in the form of
silver chloride clusters [3, 16].

The LEED studies of chlorine on the Ag(111) surface
performed at room temperature [1-5] did not reveal the
formation of ordered structures at low coverages. A well-
ordered structure is observed only for coverages some-
what lower than the saturation one. It is worth noting
that there is no consensus in the literature as regards
both the periodicity of the structures observed under
saturation conditions and the coverage corresponding
to this state. At low temperatures, however, chlorine
atoms form a well-ordered (1/3x+/3)R30° structure on
the Ag(111) surface at 6 = 0.33 [5] (Fig. 1,a), and, as
follows from DFT calculations [19, 21], a hexagonal hon-
eycomb structure can be formed at § = 0.5 (Fig. 1,b).

In [5], the LEED method was used for studying the for-
mation of the (1/3x+/3)R30° structure of chlorine on the
Ag(111) surface depending on the temperature. A sharp
LEED image observed at low temperatures testifies to
the formation of a well-ordered (1/3x+/3)R30° structure.
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Fig. 1. Models of the (1/3x+1/3)R30° (a) and hexagonal honey-
comb (b) structures of Cl on the Ag(111) surface. The rhombs
mark the unit cells used in the DFT calculations

However, after reaching a temperature of 195 K, the re-
flections suddenly become diffuse, which is an evidence of
its disorder. The experimentally observed order-disorder
transition is very abrupt (the transition temperature cor-
responds to the temperature interval ~2 K).

The present work studies the lateral interaction in
chlorine layers adsorbed on the Ag(111) surface at low
coverages (up to 0.5 ML), where the diffusion of chlorine
into the bulk can be neglected. Particularly, the forma-
tion of Cl structures on the Ag(111) surface and the
order-disorder transition at various temperatures and
coverages are simulated by the Monte Carlo technique
with the use of parameters of the lateral interaction es-
timated from DFT calculations performed for various
distances between adatoms.

2. Procedure

The lateral interaction energy was calculated in the
framework of the density functional theory with the
help of the ABINIT software [23] using norm-conserving
pseudopotentials [24] and the gradient approximation for
the exchange-correlation potential [25]. The calculations
for the surface were performed in the framework of the
model of repetitive layers with chlorine atoms adsorbed
from one side of the layer. The layer thickness consisted
of four atomic planes of Ag(111), chlorine atoms ad-
sorbed from one side, and a vacuum gap approximately
10 A in thickness. The lateral interaction between Cl
adatoms on the Ag(111) surface was calculated with the
use of a (3x3) surface unit cell.

The positions of chlorine adatoms and two upper lay-
ers of the Ag(111) surface were optimized until forces
acting on atoms were larger than 0.03 eV/ A. The effi-
ciency of a division of the Brillouin zone was checked us-
ing various lattices for k-points to reach the convergence
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of 0.01 eV with respect to the total energy and 0.01 A
with respect to the atomic positions. For the Ag(111)
surface, a set of 3x3x1 special k-points [27] appeared
sufficient. All calculations were carried out using a cut-
off energy of 30 Hartree.

Before the adsorption of Cl atoms, the positions of
atoms forming the substrate were optimized so as to
minimize the total energy of the system. As a result, the
interatomic distance for the upper Ag layer decreased by
~ 5% as compared to the distance in the bulk of a silver
crystal (the lattice constant for a bulk silver crystal was
estimated as 4.27 A in accordance with previous calcula-
tions [19] providing the value of 4.16 A). For the second
and third layers, only an insignificant shift is observed.
The optimization of the positions of chlorine adatoms
together with the silver surface layer gives rise to the
back relaxation of the Ag(111) surface.

To estimate the binding (adsorption) energy between
a chlorine atom and the Ag(111) surface, we calculated
the total energy for the (1/3%x+/3)R30°, 2x2, and honey-
comb structures on the 4-layer Ag(111) substrate. The
binding energy Ej(positive) between a chlorine atom and
the Ag(111) surface calculated per one chlorine atom
amounts to

Ey = —(Eag+ct — Eag —nEc1)/n,

where Eagqc1 is the total energy of the system with n
adsorbed chlorine atoms in the surface cell, while Eag
and FEc) are the total energies of the substrate and a
chlorine atom, respectively.

The Monte Carlo simulations of the formation of chlo-
rine structures on the Ag(111) surface were carried out
using the developed programs checked by simulating var-
ious adsorption systems [22, 28, 29]. This method ap-
plies the standard Metropolis algorithm in the lattice gas
model with regard for the long-range lateral interaction
between particles adsorbed on the Ag(111) surface pre-
sented by a lattice of 60x36 adsorption sites with the
periodic boundary conditions.

The particle ordering was performed by shifting a ran-
domly chosen adatom to the neighboring adsorption site
with regard for the existence of a diffusion barrier. The
probability of such a transition, exp(—AE/kT), is de-
termined by the difference AFE between the energies of
lateral interaction with other adsorbed atoms for the ini-
tial and final configurations. If a shift to the neighboring
adsorption site results in a gain of the energy of the sys-
tem (AE < 0) or the transition probability considerably
exceeds a standard random number, then this shift is
realized. Otherwise, the particle remains at the initial
site.
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The relative intensities of the LEED reflections were
estimated in the kinematic approximation:

I(h, k) = |2, exp{2mi(hz, + kyn)}|?,

where the summation was performed over the occupied
adsorption sites with the coordinates x,, and y,. The
intensity distribution of LEED reflections was obtained
for various coordinates in the reciprocal space h and k.
The corresponding reflections were presented by a circle,
whose diameter corresponded to their relative intensity.

3. Results

The performed calculations of the total energy demon-
strate that, for chlorine atoms on the Ag(111) sur-
face, threefold adsorption sites are the most advanta-
geous with respect to other possible positions. Figure 1
presents the models of the (1/3x+/3)R30° and hexagonal
honeycomb structures of chlorine on the Ag(111) sur-
face and the corresponding unit cells used in the DFT
calculations. According to other DFT calculations [17],
the binding energy of a chlorine adatom located at a
threefold site for the (1/3%x+/3)R30° structure (Fig. 1,a)
amounts to 2.80 eV, which is 0.1 €V higher than the bind-
ing energy of Cl in a bridge position. The adsorption in
on-top positions of silver atoms is unstable. The energy
difference between fcc and hep threefold adsorption sites
is less than 0.01 eV, which is within the estimated cal-
culation error. Thus, at low coverages, chlorine atoms
occupy fcc and hep threefold sites with the distance of
the Cl-Ag bond equal to 2.66 A, which agrees with the
previously estimated values of 2.48 A [5], 2.62 A [17],
and 2.7 A [14, 21]. An increase of the coverage is ac-
companied by a reduction of the chemisorption energy,
which is due to the repulsive lateral interaction between
chlorine adatoms (Table 1).

The relative diameters of Cl and Ag atoms can be es-
timated from the calculated distance of the Cl-Ag bond
(2.66 A) and the distance between silver atoms forming
a periodic hexagonal structure of Ag(111) (2.89 A). Par-
ticularly, the radius of the tangent Ag spheres can be

T able 1. Binding energies Ep (V) of an oxygen atom
on the Ag(111) surface at various coverages (d (A) is the
interatomic distance in the structure)

0 ‘ Structure ‘ d (A) ‘ Ey
1.00 (1x1) 2.89 1.67
0.50 (2x2) 3.34 2.72
0.33 (V/3%+/3)R30° 5.01 2.80
0.25 (2x2) 5.78 3.11
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Distance (A)

Fig. 2. Lateral interaction energies for various distances between
chlorine adatoms. The results of DFT calculations are marked by
squares connected by the dotted line. Triangles mark the param-
eters of MC simulations

estimated as 1.45 A, while the radius of a chlorine atom
in the (v/3x/3)R30° structure is equal to 1.21 A. Thus,
the size of an adsorbed chlorine atom somewhat exceeds
the bond distance in a free Cls molecule, which is caused
by the existence of some negative charge acquired by the
chlorine atom due to the adsorption. So, the ratio of the
radii of Cl and Ag atoms determined as r¢1/ras amounts
to 0.83 (this ratio was used for depicting atomic spheres
in Fig. 1).

In order to perform the Monte Carlo simulations
of the formation of ordered Cl structures on the
Ag(111)surface, it is necessary to determine parameters
of the lateral interaction for various distances between
adatoms (Table 1). For five first neighbors, the distances
between chlorine atoms located at threefold sites amount
to 1.67, 2.89, 3.34, 4.41, 5.01, and 5.78 A, respectively
(see the inset in Fig. 2). It is worth noting that the dis-
tance between atoms located in the nearest neighboring
threefold adsorption sites is lower than the distance be-
tween chlorine atoms in a free molecule (2.0 A), which
results in a considerable repulsive interaction between
chlorine adatoms, making impossible their arrangement
of such a kind. In this case, the optimization of the
atomic positions performed without additional restric-
tions results in that the atoms inevitably leave threefold
sites, which complicates the estimation of the lateral in-
teraction energy. A similar problem also arises for the
second and third neighbors due to the significant lateral
repulsion between Cl atoms at such distances. Due to
this fact, the lateral interaction at such distances was
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Fig. 3. Monte Carlo simulation of the formation of the
(v/3%+4/3)R30° ordered structure of Cl at the coverage 6 =
0.33: domains of the (1/3x4/3)R30° structure (T = 196 K)
(a), diffraction image with split and extinguished reflections (b),
(v/3x+4/3)R30° ordered structure (I = 194 K) (c), and sharp
diffraction image (d)

estimated with fixed coordinates and the distance from
the substrate typical of the (1/3x+/3)R30° structure.

The estimated energies of the lateral interaction be-
tween chlorine adatoms as functions of the interatomic
distance are presented in Fig. 2,a and Table 2. The lat-
eral repulsion between adsorbed atoms at large distances
can be explained by the presence of the dipole-dipole in-
teraction. However, the dipole moment of a chlorine
atom adsorbed on the silver surface estimated from the
initial slope of the coverage dependence of the work func-
tion [30] amounts to only 0.75-0.9 D. For distances corre-
sponding to the second and third neighbors, the dipole-
dipole interaction appears too weak and cannot explain
the significant repulsion arising between chlorine atoms
(see Fig. 2).

Thus, the lateral interaction has a complex nature and
can be probably related to the indirect interaction be-
tween adsorbed chlorine atoms [31]. The Monte Carlo
simulation using the calculated lateral interaction ener-
gies provides a good description of the formation of the
(v/3x4/3)R30° structure at § = 0.33. However, the tem-
perature of the order-disorder transition for this struc-
ture appears lower than that observed experimentally
[5], which can be caused by the mentioned difficulties
in the calculation of the lateral interaction at small dis-
tances. To obtain the right value of the temperature of
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the order-disorder transition, the parameters of the lat-
eral interaction for the distances corresponding to the
second and third neighbors were somewhat increased
(see Table 2).

At the coverage 6 = 0.33, the ordering of a chlo-
rine monolayer was simulated by gradually decreasing
the temperature. The number of diffusion MC steps
at each temperature was sufficient to reach the equilib-
rium. The same way as in the experiment [1-5], the
chlorine film is disordered at small coverages and the
temperature 7' = 210 K, so the diffraction image has
no reflections. At a temperature of 196 K, the struc-
ture (1/3x+4/3)R30° starts to form, but the presence of
domain walls results in the splitting of the reflections
and a decrease of their intensity (Fig. 3,a,b). As the
temperature falls to T" = 194 K, the film suddenly be-
comes well-ordered (Fig. 3,c) and demonstrates a sharp
diffraction image (Fig. 3,d). The further decrease of the
temperature does not lead to any changes in the film
structure.

It is worth noting that the formation of the
(v/3x+/3)R30° structure at § = 0.33 is accompanied
by the generation of fragments of the honeycomb struc-
ture, which results in the appearance of reflections typ-
ical of the (2x2) structure (Fig. 3,b). This structure
is evidently formed due to a random local increase of
the concentration that exceeds the stoichiometric one
(0.33) for the (1/3x4/3)R30° structure. A small skele-
ton of this structure is observed even at the temperature
T = 194 K, when the formation of the (y/3x+/3) R30°
structure is practically completed (Fig. 3,¢).

The process of surface diffusion can be considered as
successive jumps of chlorine atoms from one threefold
site to another one with overcoming the activation bar-
rier. The height of this barrier corresponds to the dif-
ference between the energies of a chlorine atom at a
threefold site and at a bridge one (according to DFT
calculations, this difference amounts to ~0.1 V). Due
to the limited (owing to the diffusion barrier) mobility

T able 2. Lateral interaction energies (eV) obtained
from DFT calculations and parameters of the Monte
Carlo simulation

Neighbors Distance between Eing (eV) Eint (eV)
atoms (A) DTF MC
1-st 1.67 5.00 5.00
2-nd 2.89 0.72 1.03
3-rd 3.34 0.40 0.47
4-th 4.41 0.25 0.28
5-th 5.01 0.05 0.02
6-th 5.78 0 0
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of adatoms on the surface, the degree of order of the
obtained structures considerably depends on the rate of
decrease of the temperature. In particular, if this rate is
high, the restriction of the mobility results in the forma-
tion of separate domains of the (1/3x+/3)R30° structure.
In this case, the diffusion image demonstrates reflections
with characteristic weak satellites, which testifies to the
splitting of beams due to the phase shift for electrons
scattered by different domains. Respectively, the in-
tensity of reflections characteristic of the (1/3x+/3)R30°
structure significantly decreases. As a result, the abrupt-
ness of the order-disorder transition depends on the rate
of decrease of the temperature (see Fig. 4). At the pa-
rameters of the lateral interaction listed in Table 2, the
order-disorder transition takes place in a very narrow
temperature interval (~ 2 K), which agrees with experi-
mental observations.

The diameter of a chlorine atom estimated from the
distance of the Cl-Ag bond in the (1/3x+/3)R30° struc-
ture amounts to 2.4 A, whereas the lattice spacing on
the Ag(111) surface is equal to 2.89 A. Due to the rela-
tively small radius of a chlorine atom, they could form,
in principle, even a full (1x1) monolayer. That is why
the limiting coverage is close to 0.5 ML, which is due to
the considerable repulsive lateral interaction that signif-
icantly decreases the effective adsorption energy, rather
than to the large dimensions of chlorine atoms. This
fact is also confirmed by two peculiarities of this system:
1. At high temperatures and a large exposure, chlorine
atoms diffuse into the substrate, which would be impossi-
ble if they were larger than silver ones; 2. The abruptness
of the order-disorder transition for the (y/3x+/3)R30°
structure testifies to the existence of a sufficient space
for the two-dimensional evaporation of Cl adatoms (we
recall that, in the case of dense structures formed close
to the saturation point, a smooth transition is observed
with increase in the temperature). Indeed, in the process
of ordering, chlorine atoms inevitably appear at the dis-
tance corresponding to the lattice spacing of the Ag(111)
surface (2.89 A).

DFT calculations [19, 21] have demonstrated that, at
the chlorine coverage on the Ag(111) surface § = 0.5,
the most profitable structure is the hexagonal honey-
comb one (Fig. 1,b). However, the formation of this
structure was not observed in LEED experiments. This
fact was related to a large size of chlorine atoms and
the possibility of the formation of only incommensu-
rable hexagonal structures (10x10) [2], (13x13) [5], or
(17x17) [4] at such a coverage. However, the repul-
sion between Cl adatoms for the distances typical of the
honeycomb (2x2) structure (corresponding to the third
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Fig. 4. Diagram of the order-disorder transition for the

(v/3%+4/3)R30° structure at # = 0.33. The abruptness of the tran-
sition depends on the cooling rate (solid line corresponds to MC
simulations performed at a temperature step of 2 K, dotted line —
5 K)

nearest neighbors, see Fig. 2) is inessential to make the
formation of such a structure impossible.

At the coverage 6 = 0.5, the Monte Carlo simulations
of the Cl ordering were performed for the same param-
eters of the lateral interaction as for the (1/3x/3)R30°
structure with a gradual decrease in the temperature.
At room temperature, the film is disordered; elements
of the honeycomb structure are formed, as the temper-
ature falls to 200 K, whereas at 7" =~ 160 K, domains
of the honeycomb structure occupy the whole surface.
However, the expected (2x2) diffraction structure is not
formed due to the phase shifts at the electron scattering
by different domains separated from one another by do-
main walls, which results in the vanishing of the LEED
reflections typical of the (2x2) structure.

4. Conclusions

We have studied the lateral interaction between chlorine
atoms adsorbed on the Ag(111) surface at low coverages
(up to 0.5 ML), at which the diffusion of chlorine into the
bulk can be neglected. The parameters of the lateral in-
teraction energy for various distances between adsorbed
chlorine atoms were obtained from the calculations per-
formed in the framework of the density functional the-
ory. The formation of the (/3x4/3)R30° structure at
# = 0.33 and the honeycomb structure at § = 0.5 is
reproduced by Monte Carlo simulations. It is shown
that the order-disorder transition for the (1/3x/3)R30°
structure is very abrupt, which is explained by a suffi-
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cient number of free adsorption sites for this structure at
the considerable repulsive interaction between adatoms.

The diffusion barrier with a height of 0.1 eV estimated
from the difference between the chemisorption energies
of a threefold site and a bridge position results in a re-
striction of the atomic mobility, which is essential for
the formation of ordered structures. In the case where
a film consists of domains of the ordered structure, the
diffraction image contains the characteristic splitting of
reflections (for the (1/3x4/3)R30° structure), which is
accompanied by a decrease of their intensity or results
in the vanishing of the corresponding reflections in the
case of a large number of domains (for the honeycomb
(2x2) structure).

We thank B.V. Andryushechkin and K.N. Eltsov for
useful advices. The work was partially performed in
the framework of the Ukrainian-Russian Grant NANU-
RFBR No. RFBR/3-10-26.
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Translated from Ukrainian by H.G. Kalyuzhna

CTPYKTYPU AJICOPBOBAHUX IITAPIB Cl
HA TIOBEPXHI Ag (111)

H.B. Ilemposa, I.M. Axoexin, O.M. Bpayh
PeszmowMme

HassuicTs narepanbnol B3aeMozil Mixk agcopboBaHIMU Ha IOBEPX-
ui Ag(111) aromamu XJIOpPY NPUBOAKUTH 40 DOPMyBaHHS CTPYKTY-
pu (1/3%X+/3)R30° npu cryneni nokpurrs 0,33. Lzt ctpyxTypa crio-
CTEpIraeThbCcsl E€KCIEPUMEHTAJIBHO METOJIOM Audpakiiil MOBIIbHUX
esekTpoHiB Ta CTM 3a yMOBH HOCTATHBO HHU3BKOI TEMIEPATYPU
migkiaagku. [Ipu 36inbmenni remeparypu BiOyBaeTbCs PO3YIIO-
PAAKYBaHHS CTPYKTYpPH, BHACIIZOK YOro IpU KiMHATHIA TeMIle-
paTtypi gudpaxmiiiHa KapTUHKaA BXKe He MICTHTb XapaKTEPHHUX pe-
dutekciB. MogesmoBanust merogiom MonuTe-Kapiio 3 BUKOpUCTaHHIM
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rnapaMeTpiB eHepril JiarepaJbHOI B3a€MO/Iil, pO3PaxOBaHUX 3a 10~
TIOMOI'OK0 METO/y Teopil (pYHKIIOHAJIY eJIeKTPOHHOI I'yCTUHH, J10-
3BOJIMJIO 3’SICYBATU BaXKJIMBiI OCOOJIMBOCTI (pOPMYBaHHS ITOBEPXHE-
BHX CTPYKTYP Ta IEPEXOY MOPSI0K—HENOPsI0K, 110 BiI0YBAE€THCS
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3 pocroMm Temueparypu. IlokazaHo, 30KpeMa, IO IEPEXi] € JIy2Ke
PI3KUM, IO TIOSICHIOETHCS JOCTATHBOIO KIJIBKICTIO BIIBHUX aJcop0-
MIAHUX HEHTPIB I i€l CTPYKTYPHU IPU CYTTEBIN BiIIITOBXYBaJIb-
Hill B3a€MOJil MiXK alaTOMaMMU.
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