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b Unidad de Matemática y Fı́sica, Facultad de Ciencias Quı́micas, Universidad Nacional de Córdoba, 5000 Córdoba, Argentina
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Abstract

The deposition of a metal on a foreign substrate is studied by means of grand canonical Monte Carlo simulations and a lattice-gas
model with pair potential interactions between nearest neighbors. The influence of temperature and surface defects on adsorption iso-
therms and differential heat of adsorption is considered. The general trends can be explained in terms of the relative interactions between
adsorbate atoms and substrate atoms. The systems Ag/Au(100), Ag/Pt(100), Au/Ag(100) and Pt/Ag(100) are analyzed as examples.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The study of the adsorption of particles on surfaces is
important from the point of view of surface science and
due to its potential applications in nanotechnology and
catalysis.

From the electrochemical point of view, it is of great
interest to study the electrodeposition of a metal onto a sin-
gle crystalline surface of a foreign metal [1–4]. When this
occurs at potentials more positive than those predicted
from the Nernst equation, the process is denominated
underpotential deposition (upd) [1,3,5–7]. This can be intu-
itively understood considering that, in general, upd is ob-
served when for the adsorbate it is more favorable to be
deposited on the considered substrate than on a surface
of its same nature. When the opposite occurs, the observa-
tion of another phenomenon called overpotential deposi-
tion (opd) is expected, which implies that the adsorption
of the adsorbate on the foreign substrate is less favorable
than that predicted by the Nernst equation.
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It is clear that a complete analysis of the upd phenome-
non is a quite difficult subject because of the complexity of
the involved systems. For this reason, the understanding of
simple models with increasing complexity might be a help
and a guide to establish a general framework for the study
of this kind of systems. Pioneering work using Monte Car-
lo simulations to study underpotential multisite adsorption
has been undertaken by Van Der Eerden et al. [8]. In this
context, the present work tries to contribute to the compre-
hension of some essential characteristics of the metal depo-
sition by means of a very simple model. For this purpose,
we present simulations of metal adsorption on metal sur-
faces, employing a lattice-gas model with pair potential
interactions characterized by a few parameters. Depending
on the particular values assigned to the parameters, we can
represent different metals involved. As illustrative examples
we have simulated the following systems: Ag/Au(100)
(that means: adsorption of silver atoms on gold (100) sur-
faces), Ag/Pt(100), Au/Ag(100) and Pt/Ag(100).

In previous works [9,10] we have used a more compli-
cated model for the calculation of energies, employing
the embedded atom method, which is more appropriate
for metals in the sense that takes into account many-body
interactions. The cost of introducing this precursor model
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Table 1
Parameters representing the adsorption energies and the interaction
energies (in eV units) employed here for the considered systems

System �1 �2 J11 J22 J12

Ag/Au(100) �3.05 �2.58 �0.54 �0.28 �0.42
Ag/Pt(100) �4.34 �3.13 �0.83 �0.21 �0.56
Au/Ag(100) �2.39 �3.11 �0.25 �0.46 �0.36
Pt/Ag(100) �2.30 �4.22 �0.17 �0.60 �0.41
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is the lack of some experimental features presented by real
systems. However, there are important physical motiva-
tions to pay this cost: (a) this contribution allows to iden-
tify and characterize the most prominent features of this
particular process; (b) the study offers a general theoretical
framework in which this kind of process can be studied and
(c) the conclusions obtained are interesting. The outline of
the paper is as follows: In Section 2 we describe the lattice-
gas model along with the simulation scheme. In Section 3
we present the results. Finally, the general conclusions
are given in Section 4.

2. Model and simulation method

2.1. Lattice model

Lattice models for computer simulations are of wide-
spread use in studies of adsorption on surfaces, because
they allow dealing with a large number of particles at a
relatively low computational cost [11].

If the crystallographic misfit between the involved atoms
is not important, it is a good approximation to assume that
the adatoms adsorb on defined discrete sites on the surface,
given by the positions of the substrate atoms. This is the
case of the very well studied system Ag/Au(100) [12–15].

Square lattices with periodical boundary conditions are
used in the present work to represent the surface of the
electrode. Each lattice point represents an adsorption site
for an adsorbate or a substrate atom. The former may
adsorb or desorb on each randomly selected site, while
the latter may only move on the surface jumping from
the selected site to a neighboring one. In this way, our
model corresponds to an open system for one of its compo-
nents, that is, the adsorbate. This has physical correspon-
dence with the setup of the electrochemical experiment,
where only the metal in equilibrium with its cations in solu-
tion may dissolve or be deposited in the potential range
considered.

Concerning the adatoms of the same kind of the sub-
strate, some considerations must be made regarding the
existence of surface defects. These atoms may in principle
move freely on the surface and minimize the free energy
of the system by a number of mechanisms. For example,
isolated substrate atoms may heal defects through their
incorporation to a defective cluster, or small substrate is-
lands may dissolve to join large ones, like shown in previ-
ous simulation work by Stimming and Schmickler [16].
Thus, different substrate structures can be imposed as ini-
tial conditions for each simulation. In the present case,
we employ islands of substrate atoms on the surface ob-
tained by means of simulated annealing techniques [9]. This
was undertaken in order to emulate some of the defects
that can be found on a real single crystal surfaces, like kink
sites, steps, etc.

On purely energetic grounds, metal electrodeposition on
clean metal surfaces with islands should take place accord-
ing to the following sequence:
(i) Decoration of the lower part of island edges. This is
so because the binding energy is the lower (more neg-
ative), the higher the coordination of the site where a
metal atom becomes adsorbed.

(ii) Deposition on the rest of the flat surface around the
islands.

(iii) Some nucleation should occur at the top of the
islands. This requires a more negative potential than
that for island decoration (i) or flat surface filling (ii)
because the border of the growing nuclei makes them
less stable than a growing monolayer (nucleation
overpotential).

(iv) The border of the islands at the top should be finally
decorated. These sites are particularly unstable due to
their low coordination.

In the present work we are mainly interested in island
decoration and the possible mixing between island atoms
and depositing atoms following immediately after this dec-
oration. This involves steps (i) and (ii) described above.
Steps (iii) and (iv) could be of course simulated but this will
not be considered in the present work.

2.2. Energy calculations

The energy E of the system is related with the classical
lattice-gas model with pair potential interactions between
nearest neighbors:

E ¼
X

a

ð�1dca;1 þ �2dca;2Þ þ
X
ha;bi
½J 11dca;1dcb;1

þ J 22dca;2dcb;2 þ J 12ðdca;1dcb;2 þ dca;2dcb ;1Þ� ð1Þ

where the symbol d represents the Kronecker delta and ca

indicates the occupation number of the a site [correspond-
ing to a pair of (x,y) coordinates]. Unlike the classical lat-
tice-gas model, the occupation number may assume three
different values: 0, 1 or 2, if the corresponding site is empty,
occupied by an atom of the same kind of the substrate or
occupied by an adsorbate atom, respectively. The notation
ha,bi implies a sum taking account of all pairs of nearest
neighbors. �i is the adsorption energy of a particle of type
i and Jij are the pairwise interactions between nearest
neighbors.

The values of the parameters considered here for the dif-
ferent systems are summarized in Table 1. These values
were obtained according to calculations employing the
embedded atom model [17,9,10]. In a previous work [10],
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Fig. 1. (a) Adsorption isotherms at different temperatures for the system Ag/Au(100). (b) Adsorption isotherms at different temperatures for the system
Ag/Pt(100). (c) Differential heats for the adsorption isotherms of the system Ag/Au(100). (d) Differential heats for the adsorption isotherms of the system
Ag/Pt(100).
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we have calculated the adsorption energies corresponding
to the different environments of the adsorption site, taking
into account first, second and third neighbors. Some of the
possible configurations were illustrated in Fig. 1 and corre-
sponding energies were indicated in Table 1 of Ref. [10].
The values employed in the present work for �i were based
on the adsorption energies corresponding to configuration
1 (that is, adsorption on a site without neighbors). The
values employed for the parameters Jij were based on the
others configurations (2, 3, etc., which correspond to differ-
ent occupation of neighboring sites) assuming pair poten-
tial interactions between nearest neighbors and taking an
average value.

2.3. Grand canonical Monte Carlo

Square lattices of M = L · L adsorption sites with peri-
odical boundary conditions are used here to represent the
surface (in this case, L = 100). In the case of adsorption
isotherms on clean surfaces, the initial state consists of
2000 adsorbate atoms distributed at random (that makes
a coverage degree of 0.2). For the case of adsorption in
the presence of surface defects, the initial state is character-
ized by Nd = 1000 atoms of the same nature as that of the
substrate forming islands previously generated by simu-
lated annealing [9,10], and 2000 adsorbate atoms distrib-
uted at random. The islands of substrate atoms are useful
to emulate surface defects like kink and step sites.

The simulation consists in the realization of a certain
number of Monte Carlo Steps (MCS) in order to equili-
brate the system and then another set of MCS evaluation,
from time to time, the thermodynamic quantities of interest
(like energy of the system or coverage degree) in order to
obtain the average value. This is performed for fixed values
of temperature and chemical potential (grand canonical,
ensemble).

Each MCS implies the realization of M trials. Each trial
consists on the random selection of one lattice site, with the
realization of one of the three following processes:

(a) If the site is empty (occupation 0), the creation of an
adsorbate atom is attempted (yielding occupation 2).

(b) If the site is occupied by an adsorbate atom (occupa-
tion 2), its desorption is attempted (occupation 0).

(c) If the site is occupied by a substrate atom (occupation
1) a nearest neighbor site is selected at random. If this
new site is empty, a move to this position is tried.

In the three cases, the change is accepted with
probability:

P ¼ min 1; exp �DE � lDN a

kBT

� �� �
ð2Þ

where DE (DNa) represents the difference between the ener-
gies (number of adsorbed particles) of the final and initial
states, kB is the Boltzmann constant, T is the temperature
and l is the chemical potential. Note that the value of
DNa is +1 in case (a), �1 in case (b) and 0 in case (c).

The algorithm described above has some differences
with the algorithm employed in Refs. [9,10]. In the present
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case, only the substrate atoms can move between adjacent
sites, although this possibility is indirectly contemplated for
adsorbate atoms in the case of desorption from one site
and adsorption in a neighboring site. This difference is
not essential, the main target was to save computational
time.
2.4. Some definitions

2.4.1. Coverage degree

The coverage degree, h(l), which is defined as the num-
ber of sites occupied by an adsorbate atom divided by the
number of available sites (all adsorption sites that are not
occupied by a substrate atom), is obtained as a simple
average:

hðlÞ ¼ 1

M � Nd

X
a

hdca;2i ¼
hN ai

M � N d

ð3Þ

where hNai is the mean number of adsorbate atoms on the
surface and h� � �i denotes the time average over the Monte
Carlo simulation runs.

In the case of adsorption in the presence of surface de-
fects, that is, when some substrate islands are present, we
also define some partial coverages, like the coverage degree
of steps sites, hs, and the coverage degree of kink sites, hk:

hs ¼
hN s;oi
hN s;ti

ð4Þ

hk ¼
hN k;oi
hNk;ti

ð5Þ

where hNs,ti (hNk,ti) is the average number of step (kink)
sites on the surface and hNs,oi (hNk,oi) is the average num-
ber of step (kink) sites occupied by an adsorbate atom.

2.4.2. Differential heat

We calculate the differential heat of adsorption, defined
as [18]

qd ¼ �
ohEi
ohN ai

ð6Þ

where hEi is the mean energy of the adlayer.
The physical interpretation of this quantity is the energy

associated with removing a particle from the surface at
each moment.

In the case of computer simulations, the most appropri-
ate way of performing the calculation of this value is by
means of averaged quantities. We employ the following
formulation [11,19]:

qd ¼ �
hEN ai � hEihN ai
hN 2

ai � hN ai2
ð7Þ
2.4.3. Quantification of island disintegration
As discussed below, for some systems the substrate is-

lands are found to disintegrate upon adatom deposition.
In order to quantify this phenomenon, we define some
(normalized) quantities characterizing the disintegration
of substrate islands present on the surface when the adsor-
bate particles adsorb, as follows:

• Fraction number of 1–0 pairs:

NP1–0 ¼
P
ha;bidð1; cbÞ � dð0; caÞ

cN d

ð8Þ

where the sum yields the number of adjacent substrate
atom–empty site pairs. c is the lattice connectivity (in
this case c = 4).

• Fraction number of 1–2 pairs:

NP1–2 ¼
P
ha;bidð1; cbÞ � dð2; caÞ

cN d

ð9Þ

where the sum yields the number of adjacent substrate–
adsorbate pairs.

• Total number of 1–X pairs, with X = 0,2, that we define
from:

NPT ¼ NP1–0 þNP1–2 ð10Þ
which corresponds to the fraction of sites surrounding
substrate atoms that are not occupied by particles of
the same kind (type 1). The resulting quantity, further
on called ‘‘fraction of island disintegration’’, is given
by the number of substrate atoms/adsorbate atoms
and substrate atoms/empty sites pairs.

The maximum value of NPT will be reached in the case
where the islands are completely disintegrated, that is,
when there is a minimum of neighboring substrate–sub-
strate pairs. In principle, the upper value of NPT could
be 1, in the case where no substrate–substrate pairs occur
at the maximum coverage by the adsorbate. However, if
we only take into account statistical considerations, it is
to be expected that the probability of finding a neighbor
of the same species (1) should be given by the fraction
Nd/M, which in the present simulation is fixed to the value
equal to 0.1. In other words, it is expected that in the limit
of high temperatures where entropic effects prevail, and for
large h, we should get that NPT! 0.9.

For a given distribution of well equilibrated substrate is-
lands, the minimum value of NPT will be given by the frac-
tion of pairs involving atoms that belong to the edge of the
island at beginning of the simulation. If the islands do not
disintegrate at all, remaining intact, NPT should remain the
same all over the simulation. On the other hand, if the
islands disintegrate, NPT should reflect the increasing con-
nectivity of the substrate atoms to sites of a different kind.

3. Results and discussion

3.1. Adsorption on clean surfaces

Adsorption isotherms were simulated for the systems
Ag/Au(1 00), Ag/Pt(100), Au/Ag(100) and Pt/Ag(10 0).
The corresponding curves are plotted in the upper part of
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Figs. 1 and 2, (a) and (b), for different temperatures. It can
be seen that at low temperatures the isotherms show an
abrupt jump, typical of first order phase transitions. As
the temperature increases, the isotherms become smoother,
specially for the first two systems.

The present model is analogous to the Ising model in the
sense that lateral interaction between adsorbing particles is
considered as a pair-potential and only between nearest
neighbors. It is well known that in this case the critical tem-
perature for h = 0.5 can be estimated as [20]

T C ¼
J

2kB lnð
ffiffiffi
2
p
� 1Þ

ð11Þ

where J is the lateral interaction between adsorbing
particles.

Taking into account the values of J22 employed here (see
Table 1), the estimated critical temperatures are:
TC = 1843 K for the system Ag/Au(100); TC = 1382 K
for Ag/Pt(100); TC = 3028 K for Au/Ag(10 0) and
TC = 3950 K for Pt/Ag(100). This is in agreement with
the appreciation of the isotherms in Figs. 1 and 2, where
it can be seen that the critical temperature must be between
1000 K and 2000 K for the systems Ag/Au(100) and Ag/
Pt(100), close to 3000 K for Au/Ag(100) and above
3000 K for Pt/Ag(100).

The chemical potential at which the isotherms of Figs. 1
and 2 present the step, say lS, provides a measure for the
affinity of the adsorbate for the substrate. This quantity
can be subtracted from the corresponding binding energy
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Fig. 2. (a) Adsorption isotherms at different temperatures for the system Au/A
Pt/Ag(100). (c) Differential heats for the adsorption isotherms of the system Au
Pt/Ag(100).
of the adsorbate, and compared with the so-called underpo-

tential shift D/upd, which was first defined by Kolb et al. [1]
as the potential difference between the desorption peak of a
monolayer of a metal M adsorbed on a foreign substrate S

and the current peak corresponding to the dissolution of
the bulk metal M. The magnitude of D/upd is a measure
of the affinity of the adsorbate for the substrate, as com-
pared with the affinity of the adsorbate with itself, and
can be written in terms of the chemical potential per parti-
cle of the atom adsorbed on a foreign substrate, l[(S)M],
and the chemical potential of the same species in the bulk
l[(M)M], according to [21]

D/upd ¼
1

ze0

ðl½ðMÞM � � l½ðSÞM �Þ ð12Þ

In the present model, l[(M)M] can be replaced by the
cohesive energy of the adsorbate, Ecoh

2 , and l[(S)M] may
be in turn substituted by the chemical potential at which
the isotherm presents the step lS, since this chemical poten-
tial correspond to the occurrence of the adsorbate phase:

D/T
updð1� 1Þ ¼ 1

ze0

ðEcoh
2 � lS�Þ ð13Þ

where we have introduced the superscript ‘‘T’’ to denote
that this is a theoretical prediction for the (1 · 1) adsorbate
structure. On the other hand, the experimental estimation
of the underpotential shift D/exp

upd can be made from

D/exp
updð1� 1Þ ¼ /ð1� 1Þ � /Nernst ð14Þ
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where /(1 · 1) denotes the potential at which the (1 · 1)
adsorbate phase appears, and /Nernst is the reversible depo-
sition potential for the electrolyte solution employed. The
Ag/Au(100) system has been considered by different
groups [12,14,15]. Ikemiya et al. reported /Nernst =
�58 mV and /(1 · 1) � 180 mV vs. Hg/Hg2SO4 for this
system, thus yielding D/exp

updð1� 1Þ � 238 mV. In the case
of the Ag/Pt(100) system, Aberdam et al. [22] reported that
the peak for the deposition of the first monolayer of Ag
was located 0.48 V more positive than the Nernst reversible
potential, so that we take this value for D/exp

updð1� 1Þ. We
show in Table 2 these experimental values along with the
present theoretical estimations and those of our previous
work using the more accurate embedded atom method
Table 2
Calculated and experimental underpotential shifts for the systems consid-
ered in the present work

System D/T
updð1� 1Þ=V D/T

updð1� 1ÞEAM=V D/exp
updð1� 1Þ=V

Ag/Au(100) 0.26 0.17 0.24a

Ag/Pt(100) 0.68 0.55 0.48b

Au/Ag(100) 0.05 �0.08 <0?c

Pt/Ag(100) �0.40 �0.53 <0?c

D/T
updð1� 1Þ denotes results of this work, D/T

updð1� 1Þ=EAM are results
from previous simulations using the many-body potential from the
embedded atom method [17], D/exp

updð1� 1Þ are experimental estimations
taken from the literature. D/T

updð1� 1Þ values were calculated using Eq.
(13), with Ecoh

2 ¼ �2:85, �3.93 and �5.77 eV for Ag, Au and Pt,
respectively.

a Taken from Ref. [15].
b Taken from Ref. [22].
c No upd has been reported in the literature for these systems so far.
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Fig. 3. (a)–(c) Adsorption isotherms in the presence of surface defects for th
temperatures for the system Ag/Pt(100). (d) Differential heat of adsorption a
potentials. It can be appreciated that the pair potential
approximation performs almost as well as the more sophis-
ticated many body one. There is no evidence in the litera-
ture for underpotential deposition of Au on Ag(100) or
for Pt underpotential deposition on Ag(100). A related
system, Pt deposition on Au(10 0) has been measured by
Waibel et al. [23], with the finding that Pt deposition takes
place at overpotentials. Since the cohesive energy of Au is
larger than that of Ag, it is expected that if Pt upd is not
found on Au(1 00), it will be even less probable on
Ag(100).

The lower parts of Figs. 1 and 2(parts (c) and (d)) show
the differential adsorption heats. The qualitative form of
the curves of qd vs. l is similar to the adsorption isotherms
(h vs. l). The observed values of qd are in agreement with
the estimation of qd � ��2 at very low coverages (corre-
sponding to the adsorption of particles in sites without
neighbors) and qd � ��2 � 4 · J22 at high coverages (corre-
sponding to the adsorption of particles in sites surrounded
by four nearest neighbors of the same kind).

3.2. Adsorption in the presence of substrate islands

Figs. 3 and 5 show the adsorption isotherms for two of
the four studied systems in the presence of surface defects
(substrate atoms present in the monolayer forming is-
lands). In the figures, the isotherms for the complete mono-
layer are plotted together with the isotherms of steps and
kink sites for three different temperatures [parts (a)–(c)],
as well as the differential adsorption heats for the three
temperatures [part (d)].
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It can be seen that for Ag/Pt(100) (Fig. 3) and Ag/
Au(1 00) (not shown), the kink sites are occupied first, then
the step sites and finally the complete monolayer. For the
other two systems, at T = 300 K, there is no differentiation
between the different kind of sites, but at greater tempera-
tures a small difference arises (see parts (a)–(c) of Fig. 5 for
the system Au/Ag(100), the system Pt/Ag(100) is not
shown, but the results are very similar).

Analyzing the behavior of the differential heat of
adsorption [part (d)], it can be seen that for the first two
systems (see Fig. 3 for Ag/Pt(10 0)), at low temperatures,
there are four differentiated stages, before the adsorption
of the complete monolayer (last part). The first stage with
qd � �(�2 + 2J12) (filling of substrate kink sites); the second
one with qd � �(�2 + J12 + J22) (filling of step sites besides
to another adsorbate particle); the third one with
qd � �(�2 + 2J22) (filling of an adsorbate kink site, that
is, adsorption on terrace sites next to two adsorbate parti-
cles during monolayer growth) and the fourth one with
qd � �(�2 + 4J22) (monolayer completion). All these stages
are illustrated in Fig. 4. These estimations are closest to the
results of the simulations for the system Ag/Pt(100).

For the other two systems (see Fig. 5 for Au/Ag(100))
there are at first sight only two more or less well defined
stages: before and after monolayer completion. In the first
part, where only a few adsorbate particles come into the
system, the differential heat can be written as
qd � �[�2 + 4(J12 � J11) + 2J11]. This value corresponds
to the replacement of a substrate particle by an adsorbate
particle in the middle of an island and the positioning of
the former at the edge of the island. The interpretation of
the value of qd is not straightforward for monolayer
completion.
Fig. 4. Schematic representation of the top view of four environment types clo
site, next to another adsorbate particle; (c) adsorbate kink site; (d) hollow site (
circles represent adsorbate atoms. The empty dashed circle denotes the adso
shown.
Fig. 6 shows the final state of a portion of the simulation
cell at three different chemical potentials for the system Ag/
Au(10 0) in the presence of defects at two different temper-
atures. At T = 300 K, the islands remain almost unchanged
upon adsorbate deposition and the sites are filled following
the order: (1) kinks; (2) steps; (3) terraces. At T = 1000 K,
the general tendency remains but the islands show a certain
disintegration. The same behavior is found for the system
Ag/Pt(1 00) (not shown).

On the other hand, in the case of the system Au/
Ag(100) at T = 300 K (upper part of Fig. 7), the islands
do not change their shape significantly but some adsorbate
atoms penetrate inside them. At T = 1000 K (lower part of
Fig. 7) the islands disintegrate completely. The same gen-
eral behavior is found for the system Pt/Ag(10 0) (not
shown).

Figs. 8 and 9 show the adsorption isotherms and the
fraction of island disintegration (characterized by the value
NPT, defined in Eq. (10)) in the presence of substrate is-
lands at three different temperatures for two of the consid-
ered systems.

In the case of the system Ag/Au(100) (Fig. 8), it can be
verified that, at low temperatures, the islands remain un-
changed, since the value of NPT is constant along the whole
isotherm. As expected, the value of NP1–0 decreases and the
value of NP1–2 increases as the adsorbate atoms cover the
edges of the islands. At higher temperatures, the value of
NPT increases when the adsorbate atoms enter. That means
that both atom classes mix with each other, that is, the sub-
strate islands disintegrate. At an intermediate temperature
(T = 1000 K) the value of NPT presents a maximum close
to the critical chemical potential due to the greater mobility
of the atoms in that situation.
se to the adatom adsorption site: (a) substrate kink site; (b) substrate step
upon monolayer completion). Filled circles denote substrate atoms. Empty
rption site under consideration. The underlying substrate atoms are not



s

k

Fig. 5. (a)–(c) Adsorption isotherms in the presence of surface defects for the complete monolayer, the step sites and the kink sites at three different
temperatures for the system Au/Ag(100). (d) Differential heat of adsorption at the three temperatures for the same system.

Fig. 6. Snapshots showing the final state of the surface at different chemical potentials for the system Ag/Au(100) in the presence of surface defects at
T = 300 K and T = 1000 K. Filled circles represent gold atoms while non-filled ones represent silver atoms.
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For the system Ag/Pt(10 0) (not shown) the general
trend is very similar to the previous case.

The adsorption isotherms for the systems Au/Ag(100)
(not shown) and Pt/Ag(100) at different temperatures
(Fig. 9(a)) show that, as the temperature increases, the
jump in coverage moves towards more negative chemical
potentials. Considering the fraction of island disintegra-
tion, an important difference with respect to the other sys-
tems consists in that even at low temperatures the islands
start to disintegrate when the adatoms are deposited
(Fig. 9(b)). This is evident in the increase of the quantity
NPT. Another important detail to be emphasized is that
for high temperatures island disintegration is considerable,
even for low adsorbate coverages (Fig. 9(d)). As antici-
pated in Section 2.4.3, it can be observed in Figs. 8 and
9(d) that for all systems NPT! 0.9 in the limit of high tem-
peratures and adsorbate coverage degrees.

The general picture that we get from the present results is
that as long as the substrate has a binding energy that is
considerably larger than that of the adsorbate, the islands



Fig. 7. Snapshots showing the final state of the surface at different chemical potentials for the system Au/Ag(100) in the presence of surface defects at
T = 300 K and T = 1000 K. Filled circles represent silver atoms while non-filled ones represent gold atoms.
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Fig. 8. (a) Adsorption isotherms in the presence of surface defects for the complete monolayer at three different temperatures for the system Ag/Au(100).
(b)–(d) Fraction number of pairs (NP1–0, NP1–2 and NPT) at the same temperatures.
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of the former remain relatively unaltered upon adsorbate
formation. As the binding energy of the substrate ap-
proaches that of the adsorbate or becomes smaller, the is-
lands become unstable and disintegrate relatively easily.
The study of Pd (Ecoh = �3.91 eV) deposition on Au(10 0)
(Ecoh = �3.93 eV) shows in fact the formation of a surface
alloy in the underpotential region [24]. The study of Pt
(Ecoh = �5.77 eV) deposition on Au(1 00) shows some
remarkable features. Although surface alloying was not re-
ported for this system [23], the Pt deposit exhibit irregular
shapes and recent molecular dynamic simulations point
towards the existence of a surface alloy [25].
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4750 M.C. Giménez et al. / Surface Science 600 (2006) 4741–4751
4. Conclusions

In the present paper we revisit systems previously simu-
lated in Refs. [9,10] with a different model for the metal–
metal interactions. Instead of the computationally demand-
ing many-body potentials employed there, we use here
attractive pairwise additive potential interactions between
nearest neighbors with only a minimal set of parameters.
While the main results remain qualitatively similar, the
present modelling is considerably simple and workable in
the framework of the pairwise additive potential lattice
model. It also saves considerable computational time.
Furthermore, we have considered here the influence of
the temperature and some new quantities, like differential
heat and fraction of island disintegration that helped us
in the understanding of the simulations.

The present formulation shows that the main character-
istics to be taken into account is the strength of the interac-
tions between adsorbate atoms as compared with the
interaction between substrate atoms. In this sense, we can
divide the four systems studied as examples into two
groups. The first group is integrated by the systems Ag/
Au(1 00) and Ag/Pt(100). In these cases the interactions
between adsorbate atoms is weaker than the interaction be-
tween substrate atoms (i.e., jJ22j < jJ11j). The second group
is integrated by the systems Au/Ag(100) and Pt/Ag(1 00),
where the interactions between adsorbate atoms is stronger
than the interaction between substrate atoms (i.e.,
jJ22j > jJ11j).

For defect-free surfaces, the adsorption isotherms
show an abrupt jump at low temperatures and become
smoother at high temperatures. This is indicative of the
existence of a first order phase transition and a critical
temperature related with the interaction between adsor-
bate atoms.

The adsorption in the presence of islands of the same
nature as that of the substrate on the surface was also
studied.

For systems in which the interaction between adsorbate
particles is weaker than the interaction between substrate
particles (Ag/Au(1 00) and Ag/Pt(100)), the substrate is-
lands remain relatively unchanged at low temperatures
and show a certain degree of mobility at high temperatures.
For systems in which the interaction between adsorbate
particles is stronger than the interaction between substrate
particles (Au/Ag(100) and Pt/Ag(100)), the adsorbate
atoms penetrate into the islands at low temperatures and
the islands are completely disintegrated at high
temperatures.

The simplicity of the present formulation will allow the
analysis of problem at hand in terms of a few parameters
than can be systematically varied. In other words, instead
of system-oriented simulations, studies with these control
parameters can be performed, with the consequent gain
of generality.
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