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Sequential deposition of Ag and Co on a Pt共111兲 stepped surface has been investigated as a means to obtain
composition-modulated atomic wires. Thermal energy He atom scattering in grazing incidence conditions
allows us to control and characterize the growth of Ag/Co wires on Pt共997兲 as a function of the substrate
coverage and temperature. When Co is deposited first, Ag and Co atoms arrange themselves into regular stripes
parallel to the Pt steps. A disordered phase is obtained when Ag is deposited first. We have carried out
calculations based on semiempirical potentials to study the equilibrium configuration of a Ag/Co mixture on
Pt共997兲. The experimental observations agree with ground-state calculations of the atomic structure, indicating
that the first pure Co row in contact with the Pt step edge is very stable while the second row is occupied by
Ag atoms. Free-energy minimization using a mean-field Ising approach at finite temperature of equimolar
binary mixtures leads to very consistent results for the Ag/Co system, namely the preferential sequence with
nearly pure Co and Ag wires in the first and second rows at the step. Predictive extensions to Co/Cu and Ag/Cu
systems are discussed within the same approach. A preferential ordering with Co 共Cu兲 occupying the first row
and Cu 共Ag兲 the second row is clearly obtained from the calculations, although the Ag/Cu system can also be
frozen in reverse order.
DOI: 10.1103/PhysRevB.64.045404

PACS number共s兲: 68.65.⫺k, 34.20.⫺b, 61.66.Dk, 68.35.Md

I. INTRODUCTION

Epitaxy of multicomponent metal films is a widely studied subject because of its relevance for technological applications in the areas of catalysis, microelectronics, and material science.1,2 Understanding the interplay between
heteronuclear metal-metal bonds, surface geometric structure, and overlayer morphology is a prerequisite for elaborating mixed-metal compounds with tailored structural and
electronic properties. The morphological and chemical characteristics of the interface between two metals can critically
influence the physical behavior of low-dimensional systems.
Interfaces between magnetic and nonmagnetic materials are
of special interest because of their influence on the magnetic
anisotropy of thin films3–6 and on the electronic transport
properties of multilayered devices.7–10 Ag/Co multilayers, in
particular, exhibit giant magnetoresistance properties11 and
bulk immiscibility of the two constituents. As a consequence, they have been the object of numerous studies that
looked at the connection between structure and transport
properties.9,12,13 Quite naturally, most of the attention to date
has been directed towards two-dimensional 共2D兲 layered
films, since many devices used for microelectronics or magnetorecording applications are based on multilayer structures. However, technological progress will likely require devising and characterizing more complex structures in less
than two dimensions.
0163-1829/2001/64共4兲/045404共14兲/$20.00

In this paper, we test and analyze a method to grow ordered arrays of parallel wires of alternate Ag/Co composition. Sequential evaporation of two metals on a vicinal surface can be used to fabricate lateral superlattices with a
tunable periodic structure, as has been demonstrated for
semiconductor systems.14 To obtain sharp interfaces between
the different elements, this technique requires detailed
knowledge of the lateral adatom interaction as well as of the
adsorbate-substrate potential. Here we investigate experimentally and theoretically the formation and stability of onedimensional 共1D兲 Ag/Co wires obtained by step decoration
of the vicinal Pt共997兲 surface. Thermal energy atom scattering 共TEAS兲 can be successfully employed to monitor in situ
and in real time the growth of 1D aggregates on stepped
surfaces,15–18 as well as 2D layer-by-layer growth.19,20 In
previous studies,15,16,21 we have shown that the deposition of
Ag 共Co兲 on Pt共997兲 in the appropriate temperature range results in the row-by-row growth of 1D atomic wires at the
bottom of the Pt step edges. By subsequent deposition of Co
共Ag兲, we obtain the formation of a thicker wire of mixed
composition whose structure depends on the order of evaporation and on the surface temperature.
The experimental observations are compared to groundstate calculations of the atomic structure and to thermodynamic results issued from a model of row formation that
support the experimental data. In particular, we show how
the compositional and morphological characteristics of the
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FIG. 1. 共a兲 Pictorial view of the Pt共997兲 surface. The darker atoms at the step edges represent
Co and Ag atoms forming ordered 1D chains. 共b兲
Ag/Co alloy wire at the step edge.

Ag/Co structures depend on the surface geometry and on the
bonding between the different species. In the bulk, both Ag
and Co and Ag and Pt are immiscible, while Co and Pt alloy
in a wide range of temperature and composition. Although
surface-confined alloys exist for Ag/Pt 共Ref. 22兲 and
Ag/Co,23,24 we will see that the stronger tendency to alloying
of Co and Pt affects the composition of the Ag/Co wires.
Semiempirical potentials are used to determine stable configurations at 0 K for the single metal adsorbate and then for
an equimolar mixture of two adsorbates. Then equilibrium
thermodynamic principles are used, within the mean-field
Ising approximation, to discuss the row formation process in
an equimolar binary alloy at finite temperature.
The paper is organized as follows. Section II is devoted to
the presentation of the experimental results on Ag/Co epitaxy on Pt共997兲. We start by presenting the results for pure
Ag and Co wires 共Sec. II A兲 and we describe successively the
Ag/Co wires 共Sec. II B兲. In Sec. III, the results of the groundstate calculations of the wire structure using semiempirical
interaction potentials are given for single and mixed metal
adspecies. The thermodynamic model is presented and applied to the Ag/Co, Co/Cu, and Ag/Cu binary mixtures in
Sec. IV.
II. EXPERIMENT

The TEAS measurements have been carried out in a highresolution He scattering spectrometer25,26 at a He wavelength
 He⫽0.92 Å. The apparatus allows independent variation of
the incidence angle  i and reflection angle  f for 60 °⭐  i
⫹  f ⭐180 °. The Pt sample is mounted on a cryostat that
allows the temperature to be varied between 40 K and 1100
K. The Pt共997兲 surface consists of close-packed 共111兲 terraces with a hexagonal lattice parameter of 2.77 Å separated
by monatomic steps with 兵 111其 microfacets, 2.27 Å in
height 共Fig. 1兲. The average terrace width is 20.1 Å 共or eight
atomic rows兲, with a distribution that is remarkably narrow
共standard deviation ⬃3 Å) due to repulsive interaction between the steps.27 The surface is prepared by repeated cycles
of 800-eV Ar⫹ sputtering and annealing to 850 K, followed
by a brief oxygen exposure at a pressure of 1⫻10⫺7 and by
flash annealing at T⬎1000 K to remove possible carbon
contaminants. Cleanliness is checked by Auger and He reflectivity measurements; the base pressure in the sample
chamber is 1⫻10⫺10 mbar. Ag and Co are evaporated with
two electron-beam evaporators with typical deposition rates
of a few 10⫺3 ML s⫺1 共ML denotes monolayer兲.
A. Growth of pure Ag and Co wires

The decoration of Pt steps by Ag or Co adatoms is characterized by monitoring the intensity of the He beam re-

flected by the surface during evaporation. In general, He
scattering on a vicinal surface gives rise to a diffraction pattern whose maxima are located at the Bragg positions corresponding to the periodic arrangement of terraces. As in an
optical blazed reflection grating, the most intense diffraction
orders are tilted away from the specular direction. Here we
take advantage of this fact to enhance the contribution from
the step to the reflected He intensity over the one from the
terrace. In the specular direction the intensity coming from
the flat terrace regions is very low; on the other hand, due to
the bending of the repulsive He-surface potential at step
edges, the intensity of the reflected beam at grazing exit
angles 共large  f ) originates mainly from the interaction of
He atoms with atoms near the step.18,28,29 Specular scattering
conditions (  i ⫽  f ) for large  f values are therefore suited
for the investigation of processes that take place at the substrate step edges. Step sensitivity is further enhanced by the
large  i values, which cause the shadowing of the terrace
regions close to the steps.
For given scattering parameters  i ,  f , and  He , the
variations of the He reflected intensity depend only on the
surface topmost layer structure, the intensity being a decreasing function of the density of diffuse scatterers on the
surface.19,20,30 Ordered structures that present a minimum of
kinks and defects therefore correspond to intensity maxima.
In grazing incidence conditions, the He reflectivity changes
between complete and incomplete adatom rows at step
edges. In Fig. 2, we report the intensity of the He beam
reflected at grazing angles (  i ⫽  f ⫽83 °) from the surface
during deposition of Ag 关Fig. 2共a兲兴 and Co 关Fig. 2共b兲兴. The
coverage scale has been calibrated by repeating the same
measurements at  i ⫽60 °,  f ⫽47 °: the sensitivity to terrace ordering in this case allowed us to determine precisely
the monolayer position, as reported in Refs. 15 and 16. The
reflected intensity has been normalized to its initial value
prior to deposition. The decrease in intensity during the first
evaporation stage can be qualitatively explained as follows.
As Ag or Co adatoms arrive on the surface, they migrate to
the step edges where the increase in coordination results in
stronger bonding 共see Sec. III B兲. Since the terrace width is
very short compared to the mean free path of the adatoms in
the 150 K–250 K temperature range adopted in this work,
there is no nucleation on terraces. Adatoms arriving at the
step sites can move along the Pt edges until they nucleate in
stable 1D clusters.15,16 Both single adatoms and the 1D cluster edges at steps constitute diffuse scatterers for the He
beam. The reflected intensity decreases until the defect density at the steps reaches a maximum and then starts recovering as the vacancies in the growing row begin to fill. The first
and most intense peak in the two curves therefore corresponds to the nucleation of a continuous monatomic row of
adatoms along the Pt lower step edges. The coverage corre-
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FIG. 3. Simulated terrace width standard deviation  measured
in atomic rows 共one atomic row is equal to 2.4 Å) vs adatom coverage. The minimum at 0.5 ML is the result of the adatom confinement effect shown in the scheme at the bottom. The gain in surface
periodicity is evident comparing the surface profile before and after
deposition of 0.5 ML in the diagram.

FIG. 2. Normalized intensity of the specularly reflected He
beam during Ag 共a兲 and Co 共b兲 deposition at T⫽250 K in grazing
incidence conditions,  i ⫽  f ⫽83 °. The maximum at ⬃0.17 ML
corresponds to the completion of the first monatomic row along the
Pt step edges; see text for further explanations.

sponding to this peak is about 0.17 ML, slightly larger than
the nominal coverage of 0.13 ML of a pseudomorphic row
decorating the steps of a Pt共997兲 surface. This coverage shift
is a temperature effect: as shown in Refs. 15,16, and 21, at
T⭐250 K, edge diffusion processes are not completely effective in rearranging all adatoms along the Pt edges. A fraction of migrating adatoms that stick to Ag or Co atoms already decorating the Pt steps cannot reach the remaining
undecorated Pt sites, and when the first row has been completed, nucleation of the second row has already begun. In
this work, the temperature has been nonetheless kept below
250 K in order to minimize surface intermixing between Co
and Pt.16
Observation of row-by-row growth beyond the first one is
hindered by the loss of growth coherence between different
terraces. Since the terraces receive a number of adatoms that
is proportional to their width, wide terraces complete a given
number of rows earlier than narrow ones. The corresponding
He intensity oscillations are averaged out as the coverage
increases.15 In Fig. 2, only a faint shoulder is detected at
⬃0.3 ML, the coverage at which the second row is completed. Despite this fact, the He scattering curves still contain
information on the surface structure. Apart from the monolayer peak in Fig. 2共a兲, an intense peak can be observed
between 0.5 and 0.6 ML for the two curves. The intensity
increase is due to a narrowing of the terrace width distribution during metal deposition with a minimum at 0.5 ML. If
no interterrace diffusion occurs, the faster progression of step
edges on large terraces and the slower progression on small
terraces lead to an averaging of terrace widths between

neighboring terraces.31 The reduced deviation from the mean
terrace width narrows the He diffraction pattern and increases the peak intensity observed in our measurement. This
is further illustrated by a calculation of the terrace width
standard deviation for a simple model based on these assumptions, which has been performed over 1000 terraces
obeying a Gaussian distribution centered at eight inter-row
spacings with a standard deviation of 1.5 rows. The result is
displayed in Fig. 3 and it shows that the terrace width distribution goes through a minimum at a coverage of 0.5 ML. As
recently shown in a combined TEAS–scanning tunneling microscopy 共STM兲 study,16 the 0.5-ML peak is observed in the
case of Co only between 200 and 290 K and can be directly
associated with the formation of straight monolayer wires
that cover half the width of a Pt terrace. At T⬍200 K, diffusion processes are too slow for Co adatoms to form regular
stripes parallel to the substrate steps. At T⭓300 K, Co adatoms have enough thermal energy to diffuse between adjacent terraces, allowing the formation of bilayer islands and
thus breaking the periodic pattern of the surface. The presence of the peak at around 0.5 ML 共Fig. 2兲 is therefore an
indication of a surface periodic ordering comparable to or
even better than that of a clean Pt共997兲 surface, and it will be
used in the following as an indicator for the growth of ordered structures.
B. Growth of AgÕCo wires

We have shown in Sec. II A that by means of TEAS, we
can control in real time the step decoration process for Ag
and Co separately. We can now take advantage of this fact to
deposit a monatomic row along the Pt step edges in order to
form a true 1D interface of Co 共Ag兲 atoms. By subsequent
deposition of Ag 共Co兲, we can then study how the growth
evolves, whether ordered structures will form or intermixing
between the two metals will prevent ordering on the atomic
scale.
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FIG. 4. TEAS reflectivity at  i ⫽  f ⫽83 ° as a function of the
total coverage of Ag and Co. Deposition of Ag is stopped after
completion of a monatomic row and Co is subsequently evaporated
on the surface. Ordered growth would result in He intensity maxima
during Co deposition, which are not observed in this case.

Figure 4 shows the He reflectivity curves recorded in
grazing incidence conditions during subsequent deposition of
Ag and Co at 150, 200, and 250 K. First, a monatomic row
of Ag has been deposited along each step 共peak at
⬃0.17 ML); then Ag deposition has been stopped and after a
few seconds we have started evaporating Co. We point out
that, if the Co evaporator shutter is kept close, the He beam
intensity remains constant after Ag deposition, indicating
that no structural changes take place in the Ag row. The
monotonic decrease in intensity during Co evaporation
shows that the defect density on the surface increases; at 200
and 250 K, we would expect to observe the Co peak at
⬃0.5 ML if Ag and Co formed ordered atomic rows parallel
to the Pt step edges. Since this is not the case, we conclude
that further row-by-row growth does not take place. The absence of the 0.5-ML peak could be due either to roughening
of the step edge or to chemical disorder 共Ag/Co intermixing兲
in the near-step region. Since at T⭓200 K the mobility is
sufficiently high for both Ag and Co adatoms to rearrange
into straight stripes parallel to the Pt steps,15,16 the missing
He beam intensity in the Ag/Co case is likely due to intermixing of the two species. Moreover, the calculations reported in Secs. III D and IV B support this latter point by
showing that the structure with a first pure Ag row and a
second row filled by Co atoms only 共named AgICoII for simplicity兲 is unstable towards alloying. The notation X IY II will
refer in the following to wires consisting of alternated rows
of pure metals, where X and Y stand for Ag, Co, and Cu.
We now discuss the reverse situation in which Co is deposited first 共Fig. 5兲. We stop deposition at a coverage corresponding to a Co monatomic row and subsequently start

FIG. 5. TEAS reflectivity at  i ⫽  f ⫽83 ° as a function of the
total coverage of Co and Ag. Ag is deposited after completion of a
Co monatomic row; the formation of ordered stripes is inferred at
T⫽150 and T⫽200 K from the presence of the peak at ⬃0.5 ML.

evaporating Ag. At 150 and 200 K, we observe the peak at
⬃0.5 ML, indicating continuous row-by-row growth of Ag
on Pt共997兲.15 This case is thus different from the previous
one as we have indications of ordered structure formation.
We suggest that the Co atomic row stays in contact with the
Pt steps while the Ag rows align themselves at the Co boundary without considerable intermixing (CoIAgII). This picture
is in agreement with the ground-state calculations of the wire
atomic structure reported in Secs. III D and IV B. Note that,
as the temperature rises, intermixing can occur even in this
configuration. In fact, the ⬃0.5-ML peak is not observed in
the TEAS curves for T⭓250 K. This can be explained by
considering that the ground-state energy calculated for an
alloyed Ag/Co wire is close to that of the most stable CoIAgII
configuration 共see Table IV in Sec. III D兲.
In Fig. 5, Ag deposition has been stopped at about 0.5 ML
and further Co has been deposited on the surface. This was
done in order to grow a superlattice with a Co/Ag/Co base,
instead of the simple Co/Ag one shown in Fig. 1共a兲. However, the featureless Co TEAS data reported in Fig. 2共b兲, as
well as in Fig. 5 for coverages larger than 0.5 ML, do not
allow us to draw any conclusion on the ordering of such a
superlattice.
Surface-confined mixing of Ag and Co has been observed
on Ru共0001兲 共Ref. 23兲 and on Mo共110兲.24 In both cases,
intermixing has been attributed to a strain-relief mechanism
that compensates for the strain of the opposite sign imposed
by the substrate on the two overlayer metals.32 On Pt共997兲,
as on Ru共0001兲, Co is under tensile strain while Ag is under
compressive strain; however, in contrast to Refs. 23 and 24,
such a strain-relief mixing mechanism is unlikely to be at the
origin of interdiffusion in our case, at least below 250 K. The
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formation of the CoIAgII structure opposed to the suppression of AgICoII cannot be explained in terms of strain since
mixing would occur in both cases.
C. Analogy between 1D and 2D AgÕCo growth

A qualitative understanding of the experimental results on
the Ag/Co wires can be presented by drawing a parallel between 1D and 2D systems in terms of the interface and surface free energy of Pt, Co, and Ag. It is well known from
thin-film epitaxy that layer-by-layer growth with a sharp interface requires a material with a smaller surface free energy
to be deposited on a substrate with a higher surface free
energy, the interface energy being small to avoid
intermixing.33 If the surface free energy of the deposited material is higher than that of the substrate, segregation can
occur. Co has a higher surface free energy when compared to
Ag,34 and Co adatoms on a host Ag surface show a strong
tendency to segregate, whereas Ag on a Co surface does
not.35 The above argument holds for 2D films, but our results
show that it can be extended to 1D interfaces obtained by
step decoration. When Co is evaporated after the deposition
of a monatomic Ag row on Pt共997兲, it ‘‘segregates’’ laterally
into the Ag row. In the present system, also the stronger
tendency of Co to bind to Pt with respect to Ag contributes
to the lateral segregation of the Co atoms towards the Pt step.
In fact, depending on the adsorption site, we will show in
Sec. III that the calculated values of the Co-Pt binding energy are 20–30 % larger than the Ag-Pt one.
To elaborate the analogy between 1D and 2D systems, we
have repeated the measurements reported in Fig. 4 and Fig. 5
for Ag and Co monolayer films on Pt共997兲 instead of monatomic wires. Figure 6 shows the reflected He beam intensity
recorded in nongrazing conditions during 共a兲 deposition of
1-ML Ag followed by 1-ML Co and 共b兲 deposition of 1-ML
Co followed by more than 2-ML Ag. In this scattering geometry, as mentioned in Sec. II, the He reflectivity is determined by the overall surface ordering. At monolayer completion, in the case of layer-by-layer growth, the density of
diffuse scatterers is at a minimum, thus resulting in a maximum of the surface reflectivity.20 Accordingly, the oscillations in Fig. 6 have a period of 1 ML and can be used to
calibrate the coverage scale. The relative intensities of the
monolayer peaks depend on the corrugation of the Heoverlayer potential, on the Debye temperature, and on the
ordering of the overlayer.19 The first peak in Fig. 6共a兲 corresponds to the formation of a pseudomorphic Ag single layer
on the Pt substrate with excellent ordering.15 The following
Co monolayer peak is barely visible, and it is a factor 40 less
intense compared to the situation in which Co is deposited
first, indicating that the Ag/Co interface is disordered. Reversing the deposition order, we see in Fig. 6共b兲 that the He
beam intensity during Ag evaporation recovers, at monolayer
completion, the initial 1-ML Co value and even further oscillations can be detected. We conclude that Ag grows layer
by layer on the Co film for the first two layers, as it does on
the clean Pt共997兲 surface.18
The CoIAgII configuration has been shown to be the most
stable in the case of decoration of Pt steps by monatomic Co

FIG. 6. TEAS reflectivity in nongrazing incidence conditions,
 i ⫽60.5 °,  f ⫽47.2 °. Deposition of 1 ML Ag and subsequently of
1 ML Co at 225 K 共a兲. 共b兲 Same as 共a兲 with reversed order of Ag
and Co deposition. In this scattering geometry, the He reflectivity
depends on the overall terrace defect density; the TEAS oscillations
have a period of 1 ML.

and Ag rows as well as in the case of single monolayer films
of Co and Ag on Pt. General thermodynamics arguments
commonly applied in the description of thin-film epitaxy can
therefore be extended, at least in the present case, to 1D
linear interfaces.
III. CALCULATION OF THE GROUND-STATE ATOMIC
STRUCTURE

The calculations reported in this section provide a deeper
physical insight into the wire structure and composition in
relation with our experimental results. We study the groundstate atomic structure of Ag, Co, and Cu adatoms on Pt共997兲
by means of a many-body semiempirical potential based on
the second moment approximation 共SMA兲. This potential is
used to determine first the potential-energy map obtained for
a single metal adatom on Pt共997兲, and then to understand the
formation of pure and mixed Co, Ag, and Cu atomic wires
along the steps at 0 K. Finally, the wire stability is investigated by means of free-energy calculations at finite temperature.
A. The interaction potential

Many different approaches can be found in the literature
to introduce N-body interactions, which are required to describe accurately the properties of metals.36,37 The available
methods can be roughly split into two categories. The first
one is derived from the density-functional theory and comprises the effective-medium theory 共EMT兲,38 the embeddedatom method 共EAM兲,39 and the glue model.40 These methods
are best suited for simple and noble metals. A second cat-
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egory of simplified N-body potentials has been applied with
success to transition metals to explain properties that depend
on the effective width of the d electronic density of states,
determined by its second moment within the tight-binding
scheme,41–47 but not on its details.37 These potentials are able
to account for the cohesive properties of bulk solids,43 the
experimentally observed contraction of the first interlayer
spacing occurring at surfaces of transition metals,37,46 the
energy barriers for diffusion,45 and, to a lesser extent, the
elastic constants43 and the formation energy of a vacancy.48
Note that beyond empirical and semiempirical potentials, the
density-functional theory is able to describe not only the
electronic states but also the total energy. At the present
time, however, the calculations are too time consuming to be
used for large systems.
The potentials based on the second moment approximation 共SMA兲 are probably the most flexible form available in
the category of semiempirical potentials since they reasonably describe interactions in transition metals as well as in
noble metals 共Ag,Au兲. 42,49 They are written as the sum of
site energies E i that are composed of a repulsive pairwise
contribution and a nonadditive attractive part:
E i ⫽ 共 1/2兲

冉 冊

V i j ⫺⌽ 兺 f i j
兺
”i
j⫽i
j⫽

共1兲

.

The attractive part ⌽( 兺 j⫽i f i j ) corresponds to the band
energy. In the framework of the SMA in the tight-binding
scheme, the function ⌽(x) is proportional to x ␣ with ␣ ⫽ 21 ;
the attractive f i j and repulsive V i j interactions vary with the
interatomic distance r i j according to exponential or power
laws. However, it has been proposed50 that the results derived from a precise tight-binding calculation, i.e., using
high-order moments and the local charge-neutrality requirement, are better modeled if the function ⌽(x) is taken to be
proportional to x 2/3, at least when the d band is filled with
seven electrons per atom, which is the case studied in Ref.
50. Since the exponent ␣ might depend on the d-band filling,
we will use it as an additional parameter. The repulsive part
describes the remainder of the total energy. It is assumed to
be pairwise and given by a Born-Mayer potential. The potential energy of the ith atom in the presence of its neighbors
j in a homogeneous system is thus written as
E i ⫽

兺j e ⫺p[(r

i j /r 0 )⫺1]

⫺⑀

冉兺
j

e ⫺2q[(r i j /r 0 )⫺1]

冊

FIG. 7. Dependence of the set of parameters P Pt
⫽ 兵 ␣ ,p,q,, ⑀ 其 Pt as a function of the cutoff distance r c reduced by
the nearest-neighbor distance r 0 between two Pt atoms. The convergence is optimal when the influence of the fifth nearest neighbors is taken into account.

rithms. Such a short distance can lead to dramatic effects if
we do not impose continuity when r i j ⭓r c . Therefore, as in
Ref. 50, we have to determine the value of the cutoff distance beyond which the parameters do not evolve.
In Fig. 7, we have drawn the dependence of the set of
parameters P Pt(,p, ⑀ ,q, ␣ ) as a function of the cutoff distance r c . It clearly shows that beyond 2r 0 , all the parameters
converge to their values obtained for an infinite cutoff distance r ⬁ , which is practically attained beyond the fourth
neighbors. The same behavior is shown 共Fig. 8兲 for the fitted
quantities F Pt⬅ 兵 E coh ,B,C, ␥ 其 . The ratios between the best
fits and the corresponding experimental values do not change
anymore beyond 2r 0 ; deviations from unity remain small

␣

with
r i j ⬍r c .

共2兲

The repulsive (, p) and attractive ( ⑀ ,q, ␣ ) parameters
are obtained by a least mean-square fit of bulk and surface
properties of the crystal, namely the experimental values of
cohesive energy E coh , bulk modulus B, shear elastic constants C, and the surface energies of low index surfaces
共111兲, 共100兲, and 共110兲 in cubic crystals.51,52 r 0 is the
nearest-neighbor distance between metal atoms and r c corresponds to the cutoff distance, which is generally taken to be
the second-nearest-neighbor distance to speed up the algo-

FIG. 8. Ratio between the fitted quantities F Pt⬅ 兵 E coh ,B,C, ␥ 其
and their corresponding experimental values as a function of the
cutoff distance r c reduced by r 0 . The ratio does not change anymore beyond 2r 0 .
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TABLE I. Potential parameters of Eq. 共2兲 for the different adsorbed species.

r 0 (Å)
 (eV)
p
⑀ (eV)
q
␣

Pt

Co

Cu

Ag

2.77
2.9135
6.9662
3.9653
3.2087
0.93365

2.51
0.2361
8.2732
0.7918
1.8493
0.8570

2.55
0.7776
5.9935
1.2952
2.4055
0.9097

2.89
1.9994
6.2177
2.5096
2.9138
0.9518

共less than 8%兲 for most of the observables F Pt and are much
smaller than the deviations obtained by using the standard
values ␣ ⫽ 21 and r c ⫽ 冑2r 0 , especially for the surface energies. The maximum discrepancy occurs for the elastic constants (⭐30%), for which a perfect agreement is not expected since the potential depends only on the interatomic
distances and not explicitly on the angular deformations. The
optimized values of the potential parameters are given in
Table I for Pt, Co, Ag, and Cu. Remarkably, the parameter ␣
remains close to unity ( ␣ ⯝0.8⫺0.9) for most species, indicating that the potential in Eq. 共2兲 is not far from being
pairwise. Nevertheless, it would be an error to consider that
metals could be modeled by strictly pairwise potentials since
the observed inward relaxation of the surface planes of the
metal cannot be explained with ␣ ⫽1.
The generalization of Eq. 共2兲 to the case of heteroatomic
systems is not straightforward, especially due to the exponent ␣ , which, contrary to the usual SMA, is not the same for
all metals. We have tried several ways to overcome this
problem and we have found comparable results within an
uncertainty of 10%. Here we take ␣ X for X-X interactions
and ␣ Pt for the X-Pt interactions. This assumption is not
crucial since all the ␣ parameters are quite close to each
other ( ␣ ⫽0.9⫾0.05). As is usually done with the second
moment potential, we have used arithmetic averages for the
distances r 0 and r c and geometric averages for the parameters p, q, , and ⑀ . The contribution to the binding energy
arising from the perturbation of the substrate has been evaluated to be less than 15% and thus neglected. The contribution
of this term to the variation of the adsorption energies as a
function of the atomic environment, which are the relevant
quantities in our problem, is even smaller. In the following,
all the adsorption energies are defined as the energy difference between the substrate with the adsorbates and the clean
substrate plus the adatoms in the free state.
B. Potential-energy map for a single metal atom
on the Pt„997… surface

We determine the equilibrium adsorption site of a single
adatom on the stepped platinum surface in order first to
evaluate the adatom potential energies and its corrugation,
and then to discuss the influence of steps when compared to
the flat surface. This can be done by drawing the adatom
potential energy map obtained as follows: The potential energy E i of the adatom at the position ri (x i ,y i ,z i ) is mini-

FIG. 9. Potential-energy map 共in eV兲 experienced by a Co adatom above the Pt共997兲 surface. The step is parallel to the X axis.

mized with respect to z i for a given lateral position (x i ,y i )
is plotted as a function of
and the value of the minimum E min
i
(x i ,y i ). A typical energy map obtained for Co on Pt共997兲 is
drawn in Fig. 9; the other adsorbates would give similar
shapes. Four main quantities characterize the map and are
required to model the adsorption of a metal atom on a vicinal
surface: the potential well depth of the stable adsorption sites
⌬E T and the corrugation energy ⌬E between two stable sites
along the diffusion valley on a terrace, the depth of the adsorption well ⌬E S at the bottom of the step edge, and the
so-called Ehrlich-Schwoebel barrier ⌬H S at the step, i.e., the
additional activation barrier for an adatom to jump down at a
step edge.
Table II gives the values of these four quantities for the
Co, Cu, and Ag adsorbates. The stable sites on the terrace
and at the step are the hollow sites with an adsorption well
significantly lower at the step since the ratio ⌬E S /⌬E T is
equal to 1.4. This value is obviously related to the larger
adatom coordination at step sites.53 As expected, the largest
values of ⌬E S and ⌬E T are obtained for Co while the corresponding quantities for Cu and Ag are similar and appreciably smaller since in the latter metals the d band is filled
and thus its contribution to the cohesive properties almost
vanishes. The same behavior is obtained for the corrugation
⌬E above the terrace and for ⌬H S . These data indicate that
the Co adatoms should be strongly trapped in the terrace and
step adsorption sites compared to Cu and Ag, which should
diffuse more easily.
TABLE II. Adsorption energy 共in eV兲 of a single metal atom
above the Pt共997兲 surface derived from the calculation of the
potential-energy maps.

⌬E T
⌬E S
⌬E
⌬H S
a

Co/Pt

Cu/Pt

Ag/Pt

⫺2.79
⫺3.79
0.26
0.59

⫺2.17
⫺2.75
0.17
0.46

⫺2.14
⫺2.68
0.14 共0.17兲a
0.39

Experimental value from Ref. 56.
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formation of the second row is less stable than the corresponding formation energy 共per atom兲 of a very large island
on the terrace.
2. Ag

FIG. 10. Schematic representation of different geometries for
which the energy of the adatom 共black circle兲 is calculated. The
corresponding energies are listed in Table III.
C. Structure of metal adatoms on Pt„997…: Pure Co, Ag, and
Cu wires

In line with the experiment 共Sec. II A兲, we start by analyzing the structure of pure Co, Ag, and Cu wires. We determine the minimum potential energy of a set of N metal
atoms adsorbed on a terrace of the stepped metal surface of
platinum. The Pt substrate is assumed to be rigid and the
steps are perfectly linear 共without kinks兲. The minimum
search is performed at 0 K using a numerical conjugategradient procedure.
1. Co

The lattice parameter of bulk Co (2.50 Å) is smaller than
the parameter of bulk Pt (2.77 Å). Despite this large misfit,
our calculations show that large 共400 atoms兲 2D islands on
Pt共111兲 have a commensurate (1⫻1) structure in registry
with the substrate. The Co atoms occupy the hollow sites of
the substrate. The same site occupations are obtained in the
presence of a monatomic step since its influence remains
short range. Table II shows that the adsorption energy for a
single Co adatom in the first row of sites along the Pt steps is
⫺3.79 eV while it increases to ⫺2.86 eV in the second row,
close to the value of the adsorption energy on the terrace
(⫺2.79 eV).
At intermediate Co coverage on the terrace, the analysis
of the potential energy can give information on the possible
growth mechanism. Because of the deep potential well
viewed by a single Co atom at the bottom of the Pt step, the
energy minimization at 0 K leads to the formation of a Co
row located at the lower terrace and oriented parallel to the
step edge. The interatomic distance between the Co atoms is
equal to the distance between adjacent Pt hollow sites. These
results agree well with a previous STM study of
Co/Pt共997兲.16 The energy per Co atom in this completely
filled first row 共Fig. 10兲 is equal to ⫺4.20 eV. Examination
of the data given in Table III shows that the energy per
adatom in the second complete row increases significantly to
⫺3.38 eV, a value that is slightly larger than the mean energy of the same adatom embedded in an island on the terrace (⫺3.48 eV). This indicates, from a strict interpretation
of the data at 0 K, that the configuration corresponding to the

Unlike Co, Ag has a lattice parameter (2.89 Å) that is
slightly larger than that of Pt. The geometry above a terrace
is still (1⫻1), with the Ag atoms occupying the Pt hollow
sites. At the step, Ag forms a complete first row with adsorption energy equal to ⫺3.15 eV per atom 共Fig. 10兲. The adsorption energy increases in the second filled row to
⫺2.80 eV. This value is the same as the corresponding energy per atom in a very large island 共Table III兲. Hence, at 0
K the second row formation is as stable as the formation of
Ag islands on the terrace.
3. Cu

The lattice parameter of bulk Cu (2.55 Å) is smaller than
the corresponding value for Pt共111兲. The mean adsorption
energy per Cu atom embedded in a Cu island is equal to
⫺2.77 eV in the stable hollow site of the Pt terrace. At the
step edge, the adsorption energy per atom in the first filled
row (⫺3.12 eV) is appreciably lower than the value corresponding to a Cu atom in the second row (⫺2.71 eV). This
latter energy is higher than the adsorption energy per atom in
a large island, leading to a better stability for the island than
for the second row formation 共Table III兲.
To summarize this section, the formation of a row of Co,
Ag, and Cu adatoms close to the Pt step is always energetically favored, indicating the possibility of growing 1D monatomic wires on the vicinal Pt共997兲 surface. In the experiments 共Sec. II and Refs. 15 and 16兲, 1D wires are indeed
obtained by self-organization, provided that the substrate
temperature allows for sufficiently fast diffusion of the adatoms. On the basis of thermodynamic arguments, since the
influence of the step is short range, we would expect a strong
competition at equilibrium between the formation of a second wire parallel to the step and the aggregation of adatoms
in large 2D islands on the terraces. On Pt共997兲, however, the
growth of large 2D islands 共where most adatoms have monolayerlike coordination兲 cannot take place due to the small
width of the terraces. Kinetic effects will further increase the
tendency for row-by-row growth. Experimentally, we find
that the formation of 2D islands detached from the steps does
not indeed take place. Given the small width of the Pt共997兲
terraces compared to the average diffusion length of a monomer at Tⲏ100 K, adatoms readily migrate and attach to the
step edges prior to nucleate on the terraces.15
TABLE III. Adsorption energy 共eV兲 per adatom on Pt共997兲 as a
function of its position with respect to the step and on the terrace.

Co
Ag
Cu
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First row

Second row

Large island

⫺4.20
⫺3.15
⫺3.12

⫺3.38
⫺2.80
⫺2.71

⫺3.48
⫺2.80
⫺2.77
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D. Structure of metal adatoms on Pt„997…: AgÕCo and CoÕCu
wires

We report here the results of the ground-state calculation
of the structure of Ag/Co and Co/Cu wires. A preliminary
comparison 共without taking temperature effects into account兲
can be made with the experimental results obtained for
Ag/Co 共Sec. II B兲. In particular, we intend to explain why the
self-organized growth of CoIAgII wires is favored over
AgICoII. We consider an equimolar mixture of atoms of two
different metals adsorbed on the Pt共997兲 surface. The minimum energy search has been performed according to the
same numerical conjugate-gradient procedure. A set of N/2
atoms of the A species and N/2 atoms of the B species is
adsorbed along the step of the Pt共997兲 surface and the minimum energy is determined for every arrangement of A and B
species in the sites. The calculations are presented for N
⫽16, the Pt共997兲 terrace comprising two atomic rows with
eight atoms each. Periodic boundary conditions are applied
along the row to eliminate edge effects.
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TABLE IV. Total energy 共in eV兲 of equimolar Ag/Co and
Co/Cu mixtures. The energy values are calculated for a system
formed by eight Co atoms and eight Ag 共or eight Cu兲 atoms, which
are restricted to occupying the first two rows closest to the lower
step edge. Four types of atomic configurations are considered (X
⫽Ag or Cu兲: CoIXII when the Co atoms and X atoms occupy the
first and second row, respectively; Co X ordered alloy; Co X disordered alloy 共an average has been performed over many configurations兲; X ICoII, where the X atoms and the Co atoms occupy the first
and second row, respectively.
CoIAgII Ag/Co ordered alloy Ag/Co disordered alloy AgICoII
E ⫺62.44
⫺62.26
⫺61.15
⫺58.86
CoICuII Co/Cu ordered alloy Co/Cu disordered alloy CuICoII
E ⫺60.22
⫺58.66
⫺57.97
⫺57.26

the step edge with Co atoms in order to form an alloy is due
to the fact that Ag atoms are more strongly bound to the Pt
step than Cu atoms.

1. AgÕCo wires

The potential-energy values corresponding to different arrangements of Ag and Co atoms are reported in Table IV.
The most stable structure is obtained when Co atoms occupy
the first row close to the step and Ag atoms occupy the
second row. Such a structure is labeled CoIAgII in analogy
with the nomenclature used in the experimental part 共Sec.
II B兲. The least stable geometry corresponds to the case in
which the first row sites are occupied by Ag atoms while Co
atoms occupy the second row sites (AgICoII structure兲. These
results agree well with the He scattering data presented in
Sec. II B, which show that ordered CoIAgII wires form when
Co is deposited first and Ag second on Pt共997兲 at T
⭐200 K.
All the other configurations in which the Co and Ag atoms lie randomly within the first two rows close to the step
edges lead to intermediate adsorption energies. These results
indicate that the Co atoms prefer to coat the Pt step, a situation for which the interactions between Pt and Co are optimized. The reverse situation occurs for Ag, which is less
‘‘attracted’’ by the step and allows the Co to be closer to the
step. The interactions between Ag atoms, Co atoms, and between Ag and Co atoms are very similar and do not provide
selectivity in the random or ordered lateral arrangements of
the binary mixture. As a result, intermediate structures with
Co and Ag adatoms in both the first and second row are
favored with respect to AgICoII when Ag is deposited first,
close to the step.
2. CoÕCu wires

A similar situation occurs for the binary mixture of Cu
and Co atoms. The most stable structure corresponds to a
first row of cobalt atoms that coat the step and to a second
row formed by Cu atoms (CoICuII). The potential energy of
the reverse structure (CuICoII) is clearly larger 共Table IV兲.
The energy difference between CoICuII and alloyed Co/Cu
rows is larger compared to that between CoI AgII and alloyed
Ag/Co rows. The stronger tendency of Ag to arrange close to

IV. STABILITY OF BINARY COMPOSITION WIRES
AT FINITE TEMPERATURE

To get a more reliable comparison between experiment
and theory, we need to include temperature effects into our
model in order to study the stability of wires containing two
adatom species (A and B). Moreover, we want to clarify
how the experimental preparation, and more precisely the
initial choice of deposition (A deposited before or after B),
influences the alloying process. We are aware that the experimental conditions described in Sec. II do not necessarily correspond to a model based on equilibrium thermodynamics
and that growth could also be determined by out-ofequilibrium processes. However, three main reasons justify
the development of a thermodynamic approach based on the
Ising model in the present case. First, kinetic effects will
play only a minor role in the formation of an alloyed phase,
since species A has already reached a thermodynamically
stable state before the deposition of species B begins. Second, the results of thermodynamics are often qualitatively
informative of the situations that appear in the growth model.
Third, the time interval between two successive depositions
(⬃10 s) is much longer than typical surface diffusion processes. The experimental conditions should be close to a regime of thermodynamic quasiequilibrium.
A. Ising model for binary alloy wires

We consider a mixture of two metal atom species A and B
adsorbed at temperature T on a Pt共997兲 terrace containing
(L⫻N) adsorption sites, where L is the number of rows that
can be formed parallel to the step and N is the number of
sites inside a row. The occupation of the nth site belonging
to the lth row, denoted as the (l,n)th site (1⭐l⭐L, 1⭐n
⭐N), is described by  ln , which is equal to 1 or 0 according
to whether the site is occupied or not, whereas S ln ⫽⫺1 or ⫹
1 characterizes the atom type (A or B, respectively兲 at the
(l,n)th site.
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The Ising Hamiltonian H for a binary alloy is written in
the pairwise and nearest-neighbor interaction approximations
as
H⫽⫺
⫹

兺
l,n

冉

⫹ 12
⫺
⫹

冉
冉

冋冉

冊

2  共 l 兲 ⫺V A-Pt共 l 兲 ⫺V B-Pt共 l 兲
 ln
2

冊 册

V A-Pt共 l 兲 ⫺V B-Pt共 l 兲
 ln S ln
2

兺
兺
l,n l ,n

⬘ ⬘

冋冉
冊

冊

B. Stability of AgÕCo wires

V AA ⫹V BB ⫹2V AB
 ln  l ⬘ n ⬘
4

V AA ⫺V BB
共 S ln ⫹S l ⬘ n ⬘ 兲  ln  l ⬘ n ⬘
4

冊

册

V AA ⫹V BB ⫺2V AB
 ln S ln  l ⬘ n ⬘ S l ⬘ n ⬘ ,
4

共3兲

where V A-Pt(l) and V B-Pt(l) define the holding interaction
between an adatom (A or B) in the lth row and the Pt substrate atom. V AA , V BB , and V AB are the pairwise energies
between adatoms, and  (l) is the chemical potential for the
lth row at equilibrium. Note that the potential parameters
occurring here cannot be precisely known since such a separation in pairwise contributions 共bond-breaking model54兲 is
not accurate due to the natural nonadditivity of the metallic
interactions. Nevertheless, it gives some indications of the
physical processes, and when the mean-field approach is
used, within this pairwise approximation, the free energy can
be readily calculated.
In fact, the model becomes analytically tractable 共cf. Appendix A兲 when we limit our analysis to three rows completely filled by an equimolar mixture of atoms A and B
interacting with a similar lateral potential V AA ⫽V BB . The
free energy per adatom is then written as
F F
⫽ 共 0 兲 ⫹ 兵 关 b 共 3 兲 ⫺b 共 1 兲兴 M 1 ⫹ 关 b 共 3 兲 ⫺b 共 2 兲兴 M 2
N N
⫹2  M 1 共 M 1 ⫹M 2 兲 其 ⫹k B T f 共 M 1 ,M 2 兲 .

function of M 1 and M 2 for various values of parameters  *
and b(1) * ,b(2) * ,b(3) * reduced by the thermal energy
k B T. Since b(2) * ⯝b(3) * , due to the short-range influence
of the step, the significant parameters are b(1) * ⫺b(3) * and
 * . The solutions of Eq. 共4兲 are therefore discussed in terms
of these two coefficients for the Ag/Co, Co/Cu, and Ag/Cu
mixtures.

共4兲

F/N is a function of two independent order parameters
M 1 and M 2 that represent the molar fraction of adatoms A
共or adatoms B) in the first or second row, respectively.
(F/N)(0) is a scale factor that depends on the holding contribution V A-Pt(l) and V B-Pt(l) and on the lateral terms V AA ,
V BB , and V AB 共cf. Appendix A兲. The term b(l) is the
potential-energy difference between V A-Pt(l) and V B-Pt(l) in
the lth row, which characterizes the potential increment of
the adatom-step interaction in the successive rows 共cf. Fig.
9兲. The term  describes the difference between homointeractions (V AA and V BB ) and heterointeractions (V AB ) and
plays the dominant role in mechanisms leading to the order/
disorder phase transition.
The values of the various parameters occurring in Eq. 共4兲
for the three metal species 共Co, Ag, and Cu兲 can be extracted
from Table III data and they have been already discussed in
Sec. III C. The solutions leading to minima for F/N in Eq.
共4兲 can be discussed in a more general way by drawing the
reduced free-energy map per adatom F * /N⫽F/Nk B T as a

To allow an easier interpretation of the finite-temperature
results, we plot the free energy per adatom as a function of
the molar fractions of A and B atoms in the first two rows
along a step, M 1 and M 2 , respectively. This is done in Fig.
11共a兲 for T⫽220 K and b(1) * ⫺b(3) * ⫽30, which is a
value characteristic of the Ag/Co system, to enable a comparison with the experimental data of Sec. II B. For small
values of  * , the lowest free energy (⫺500 meV) is obtained when M 1 ⫽1 and M 2 ⫽⫺1, showing that the first row
is fully occupied by Co atoms while the second row contains
the Ag species. Note that the isoenergetic sampling is less
narrow along M 2 , indicating that the second row can also
contain a small fraction of Co atoms and form an Ag/Co
alloy. When  * increases up to 20, two minima occur. In the
deepest potential well (⫺540 meV), the first row is formed
mainly by Co atoms (M 1 ⫽0.9) while the second row
contains Ag atoms only (M 2 ⫽⫺1). The other well
(⫺40 meV) corresponds to a situation in which the first row
is occupied by an alloy of Ag and Co atoms (M 1 ⫽⫺0.15)
with a slightly larger fraction of Ag atoms, while the second
row is filled by Co atoms only (M 2 ⫽1). For still larger  *
values, the aforementioned effect is enhanced. The deepest
well (⫺800 meV) corresponds to an alloy Ag/Co in the first
row preferentially composed by Co atoms (M 1 ⫽0.5) while
the second row is filled by Ag atoms (M 2 ⫽⫺1). The second
energy minimum (⫺300 meV) occurs for M 1 ⫽⫺0.25 and
M 2 ⫽1, i.e., for a disordered first row filled by a Ag/Co alloy
and a second Co row. From these results, we conclude that
the formation of a first Ag row (AgICoII) is clearly less favorable for any  * values.
The value of  * calculated from the potential 关Eq. 共2兲兴
for the equimolar Ag/Co system is equal to 12. This value is
probably underestimated due to the use of an effective pairwise interaction model for its calculation. The calculated
value of  * leads to the stability of a first Co row consistent
with the map drawn in the middle of Fig. 11共a兲. The ordering
process can be summarized as follows. When Co is deposited first, it forms a very stable Co row at the step edge;
subsequent addition of Ag atoms completes the second row.
This is the CoIAgII configuration found in the experimental
part. By contrast, when Ag is deposited first, unphysical values of  * would be required to prevent the Co atoms from
occupying the first row at the expense of Ag atoms. The
AgICoII structure cannot be stabilized and the system directly
forms an alloy, because no energy barrier separates the
AgICoII phase from the mixed phase, in agreement with the
experimental findings obtained in Sec. II B. The transition
from the alloy towards the stable CoI AgII ordering is also
possible since the two energy minima are separated by a
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FIG. 11. Reduced free-energy
maps as a function of the molar
fractions M 1 and M 2 of metal atoms in the first and second row.
The values of b(1) * , b(2) * ,
b(3) * , and  * potential parameters are given in each map. Column 共a兲 corresponds to situations
relevant for the Ag/Co and Co/Cu
systems and column 共b兲 characterizes rather the Ag/Cu case. M l
⫽0 corresponds to a binary alloy
of A and B species, M l ⫽⫾1 to
pure A or B wires, as indicated at
the bottom of the two columns.

barrier of 30 meV while the reverse path from CoIAgII towards the alloy is forbidden due to a barrier height of 700
meV.
C. Stability of CoÕCu and AgÕCu wires

A better understanding of the results obtained for the
Ag/Co system can be gained by making a comparison with
other species that were not investigated experimentally in
this paper. Moreover, we can clarify here the role of the two
main parameters b(1) * ⫺b(3) * and  * on the selforganized growth of binary alloy wires.
A behavior similar to Ag/Co is expected for Co/Cu wires
on the basis of similar values for b(1) * ⫺b(3) * for this
mixture 共see Table III兲. We thus refer to Fig. 11共a兲 to discuss
the Co/Cu wires. The calculated  * value for Co/Cu is  *

⫽3, about four times smaller than the value obtained for the
Ag/Co system. By looking at Fig. 11共a兲 共top兲, we see that the
deposition of Co atoms would lead to the formation of a very
stable first row of pure Co (M 1 ⫽1) without mixing with
additional Cu atoms, these latter forming the second row
(M 2 ⫽⫺1), i.e., a situation corresponding to CoICuII. When
Cu is deposited first, the formation of the CuICoII structure is
unstable with respect to the alloy (M 1 ⫽M 2 ⫽0) and clearly
much less stable than the CoICuII structure.
The Ag/Cu mixture is characterized by smaller values of
b(1) * , b(3) * , and  * when compared to the Ag/Co and
Co/Cu mixtures. We see in Fig. 11共b兲 that for very small
values of  * (  * ⫽1), the first row is mainly filled by Cu
atoms while the Ag atoms occupy the second row. However,
a small fraction of the other species can be present in both
rows, leading to the formation of a Ag/Cu alloy in the first
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two rows with a dominant species (M 1 ⫽0.85,M 2 ⫽⫺0.70).
When  * increases up to 10, two minima occur. The first
one at ⫺170 meV, obtained for M 1 ⫽0.5 and M 2 ⫽⫺1, corresponds to the main occupation of the first row by Cu atoms
while the second row is fully occupied by Ag atoms. The
second minimum is slightly less deep (⫺100 meV) and it
occurs for M 1 ⫽⫺0.3 and M 2 ⫽1, i.e., as the first row is
formed by a Ag/Cu alloy while the second row is occupied
by Cu. For significantly larger values of  * (  * ⫽20), the
two previous minima tend to become equivalent with a barrier roughly equal to 170 meV. In the first minimum, the first
row is mainly filled by Cu atoms (M 1 ⫽0.5) and the second
row by Ag atoms (M 2 ⫽⫺1) forming the CuIAgII structure.
The reverse situation occurs in the second minimum.
The estimated value of  * for the Ag/Cu system 关Eq. 共2兲兴
is equal to 5 and corresponds approximately to the middle
map in Fig. 11共b兲. In this case, when Cu is deposited first on
the surface, it forms an ordered row at the step that is not
destroyed by the addition of Ag atoms. The latter species
arranges itself in a complete second row. The reverse situation AgICuII can also be obtained even if this peculiar ordering does not correspond to the most stable situation. In fact,
when Ag atoms are deposited first, the system can freeze in
the metastable AgICuII structure corresponding to the second
well since the alloy is clearly less stable and because the
high-energy barrier that traps the system in this state prevents it from reaching its minimum configuration CuIAgII.
The features deduced from this thermodynamic model are
qualitatively in good agreement with the experimental data
concerning the growth of binary Ag/Co wires. In particular,
we have evidenced that CoIAgII is the most stable structure
and that, conversely, AgICoII is unstable towards alloying.
The analysis of the Co/Cu and Ag/Cu systems cannot be
supported at present by experimental evidence. We have
shown that the formation of two wires of different composition can be obtained for particular values of the main parameters  * and b(1) * ⫺b(3) * . We point out that a detailed
understanding and predictive analysis of epitaxial binary alloy growth rest on an accurate description of the metal/metal
interaction potentials.
V. CONCLUSIONS

In the present paper, we have investigated the formation
and thermodynamic stability of bimetallic wires obtained by
step decoration of Pt vicinal surfaces. Sequential deposition
of Ag and Co on Pt共997兲 has been investigated by TEAS as
a means to obtain a periodic array of wires formed by alternated Ag and Co monatomic chains. When a monatomic Co
row is deposited first and is in contact with the Pt edge atoms, subsequent Ag deposition at 150 K⭐T⭐200 K leads
to the formation of compositionally ordered Co/Ag stripes
parallel to the Pt steps (CoIAgII). In contrast, atomic chains
of mixed composition are obtained when Ag is deposited
before Co. Calculations based on semiempirical potentials
agree with the experimental data, showing that the equilibrium configuration of a binary Ag/Co wire determined at 0 K
corresponds to the first row filled by Co and the second row
by pure Ag. The results of the thermodynamic approach de-

veloped at finite temperature corroborate the stability of the
CoIAgII configuration and show that the reverse structure
AgICoII is clearly unstable, leading to the occurrence of an
Ag/Co alloy in the first two rows along the steps. In addition,
calculations have been extended to Co/Cu and Ag/Cu binary
mixtures in order to stimulate experiments not available to
date and to test the predictive character of the present numerical approach.
APPENDIX: FREE ENERGY OF THE BINARY ALLOY

When the mean-field approach is used, the Ising Hamiltonian defined in Eq. 共3兲 can be rewritten as
H̄⫽
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where the potential coefficients appearing in Eq. 共A1兲 are
defined as
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B 共 l 兲 ⫽ 21 关 V A-Pt共 l 兲 ⫹V B-Pt共 l 兲兴 ,
b 共 l 兲 ⫽ 21 关 V A-Pt共 l 兲 ⫺V B-Pt共 l 兲兴 ,

␥⫽

V AA ⫹V BB ⫹2V AB
,
4

␦⫽

共A2兲

V AA ⫺V BB
,
4

V AA ⫹V BB ⫺2V AB
.
4
In the particular geometry studied here, an adatom in a given
row l (l⫽
” 1,L) has two nearest neighbors in its own row as
well as in the two adjacent rows. The mean occupation  l of
the lth row parallel to the step is expressed as

⫽

 l ⫽ 具  ln 典
共A3兲
B
A
and M l is the difference between  l and  l of row l in atoms
B and A, respectively,

冓 冉 冊冔
冓 冉 冊冔

 Al ⫽  ln

1⫺S ln
2

,

 Bl ⫽  ln

1⫹S ln
2

,

共A4兲

M l ⫽ 具  ln S ln 典 ⫽  Bl ⫺  Al ,
where 具 ••• 典 means a statistical average over the canonical
distribution. Finally,
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l⫹1

⌰ l⫽

兺

l ⬘ l⫺1

⌸ l⫽

 l⬘ ,

兺l M l ⬘ ,
⬘

共A5兲

GROWTH OF COMPOSITION-MODULATED Ag/Co WIRES . . .

and ⌰ 1 ⫽  1 ⫹  2 , ⌰ L ⫽  L⫺1 ⫹  L , ⌸ 1 ⫽M 1 ⫹M 2 , ⌸ L
⫽M L⫺1 ⫹M L .
The free energy is readily obtained from Eq. 共4.18a兲 of
Ref. 55 applied to the case of a ‘‘ternary’’ alloy made of A
and B atoms plus vacancies,
F⫽N

兺l 关 ⫺  共 l 兲 ⫹B 共 l 兲兴  l ⫺b 共 l 兲 M l ⫹ ␥ l ⌰ l ⫺ ␦ M l ⌰ l

冋

冉

 l ⫺M l
 l ⫺M l
ln
⫺ ␦  l ⌸ l ⫹  M l ⌸ l ⫹k B T
2
2

冉

冊

 l ⫹M l
 l ⫹M l
⫹
⫹ 共 1⫺  l 兲 ln共 1⫺  l 兲
ln
2
2

册
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Within these assumptions, the free energy per adatom depends only on the two order parameters M 1 and M 2 instead
of the 14 independent degrees of freedom  l and M l (l
⫽1, . . . ,8). The third row behaves as an atom bath that supplies metal atoms A or B to the first two rows, in order to
reach thermodynamic equilibrium. The free energy is thus
written as a sum of three contributions, as

冊

F F
⫽ 共 0 兲 ⫹ 兵 关 b 共 3 兲 ⫺b 共 1 兲兴 M 1 ⫹ 关 b 共 3 兲 ⫺b 共 2 兲兴 M 2
N N
⫹2  M 1 共 M 1 ⫹M 2 兲 其 ⫹k B T f 共 M 1 ,M 2 兲 .
共A6兲

Such an energy depends on the chemical potential  , on
the temperature T through ␤ ⫽(kT) ⫺1 , and on the various
potential parameters and statistical quantities. The complete
analysis of the growth mode cannot be readily carried out
since it requires the study of the function F(l) versus all the
parameters involved.
Here we limit our analysis to the growth of three rows
completely filled by an equimolar binary mixture of atoms A
and B interacting through very similar lateral interaction potentials V AA ⯝V BB . As a result, the number of atoms A and B
is fixed, the potential coefficient ␦ vanishes, and the number
of degrees of freedom decreases due to the constraints imposed on the  l and M l values. Indeed, the completion of the
three rows requires that  1 ⫽  2 ⫽  3 ⫽1, leading to the additional conditions ⌰ 1 ⫽⌰ 3 ⫽2 and ⌰ 2 ⫽3. Moreover, for a
binary mixture, the condition M 1 ⫹M 2 ⫹M 3 ⫽0 must necessarily hold, implying the additional expressions ⌸ 1 ⫽M 1
⫹M 2 , ⌸ 2 ⫽0, and ⌸ 3 ⫽⫺M 1 .
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