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Ag/Cu„111… structure revisited through an extended mechanism for stress relaxation
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The Ag/Cu~111! system can be considered as a model one concerning the atomic structure of one monolayer
deposited on a substrate in the case of strong size mismatch. Thus, it has been the subject of many experimental
@Auger electron spectroscopy, low-energy electron diffraction and scanning tunneling microscopy~STM!# and
theoretical studies, in particular withinN-body potentials. Although most results agreed both with the existence
of ann3n superstructure accommodating the size mismatch and with a strong corrugation of the Ag adlayer,
the morphologies—derived from STM on the one hand and numerical simulations on the other hand—were not
found to be consistent. Here we revisit the previous theoretical study, taking into account different additional
mechanisms~Ag and Cu vacancy formation, partial dislocation loop! to relax the interfacial stress. As a result,
we obtain that the most efficient relaxation mechanism is the formation of partial dislocation loops in the first
Cu substrate layer, requiring the formation of four or five Cu vacancies per unit cell in this plane. This leads
to a strong damping of the corrugation in the Cu underlayers, and a perfect agreement is reached between
observed and calculated surface morphology.@S0163-1829~99!14915-4#
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I. INTRODUCTION

The knowledge of the atomic structure of a monolay
deposited on a substrate is very important for fundame
and technological reasons. This explains the large quantit
works on this subject. In particular the influence of size m
match between the deposit and the substrate has been la
investigated.1–7 From this point of view, the Ag/Cu~111!
system can be considered as representative of the ca
large deposit atom and small substrate atom for two spe
which are almost completely immiscible in the bulk. Thus
has been the subject of many experimental8–20 and
theoretical21–23 studies. The first experiments were pe
formed by low-energy electron diffraction~LEED!:10 they
put into evidence the existence of a (1061)3(1061) su-
perstructure suited to the coincidence mesh correspondin
the size mismatch between Ag and Cu~about 13%!. The
existence of such a superstructure was confirmed by the
ical calculations performed using quenched molecular
namics~QMD! simulations, based on an interatomic pote
tial derived from electronic structure in the tight-bindin
approximation~TB-QMD!.22 In addition, a very large corru
gation was predicted both for the Ag adsorbate layer a
more surprisingly, for the first layers of the Cu substrate
was found that this corrugation is damped only beyond ab
ten layers.

In order to test these surprising theoretical results, exp
ments were proposed coupling scanning tunneling mic
copy ~STM! and surface x-ray diffraction~SXRD!.20 Con-
cerning the periodicity, both types of experiments essenti
confirm the LEED conclusions, namely an3n superstruc-
ture with 9<n<10 ~more precisely, SXRD givesn59.43).
Conversely, the morphology of the Ag surface plane d
played by the STM image differs somewhat from the cal
PRB 590163-1829/99/59~16!/10910~8!/$15.00
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lated one, as can be seen in Figs. 1~a! and 1~b!. In particular
the main pattern of the STM image is the presence of d
triangular-shaped regions, edged by either four or five ato
with one or three protruding atoms in the center@Fig. 1~b!#.
Conversely the previous TB-QMD calculation only exhib
rounded uniform hollowed regions@Fig. 1~a!#.22 Let us men-
tion that more isotropic shapes~referred to as Moire´ struc-
tures!, similar to those resulting from TB-QMD calculation
have also been observed previously by STM.17 In fact, more
exhaustive STM studies19 reveal that both structures~tri-
angles and Moire´! can be observed as a function of tempe
ture.

In this paper we show that such triangular-shaped regi
can be obtained theoretically, by taking under considera
in the TB-QMD simulation some additional possibilities
relax the interfacial stress. This involves the formation of A
vacancies in the surface plane, Cu vacancies, and partial
location loops in the first underlayer. It is obvious that su
phenomena could be hardly observed during realistic tim
of molecular dynamics simulation. Thus we have to intr
duce them at the beginning of the simulation. This allows
to compare the energy of the various configurations and
decide which is the most stable one, at least atT50 K. In
return, the determination of the atomic mechanism leading
the optimized configuration is clearly beyond the scope
the present work.

The paper is organized as follows. A survey of the mo
is presented in Sec. II. Then we apply it for the study of t
deposit of one Ag monolayer on the Cu~111! substrate, in
order to determine the structure which minimizes the adso
tion energy~Sec. III!. A detailed analysis of this structur
and a comparison with the experimental data are propose
Sec. IV before giving some perspectives~Sec. V!.
10 910 ©1999 The American Physical Society
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II. MODEL

As mentioned above, we have to compare structu
which differ both by the periodicity and pattern of the un
ey

re
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s

cell. This requires dealing with different numbers of Ag a
Cu atoms in these cells. To this aim, we have to defin
pertinent energetic criterion. Such a criterion is the adso
tion energy per Ag atom, written in the following way:
Eads
Agn5

Etot~Agn /CuN2nv
!1nvEcoh~Cu!2Etot~CuN!2nEfree~Ag!
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FIG. 1. Ag/Cu microstructure viewed from above. The gr
scale has been chosen such that the black~white! dots are associ-
ated with the deepest~highest! elevation. The theoretical results a
shown in ~a! before the introduction of vacancies and in~c! after
creation of two domains with respectively four and five vacanc
per unit cell. The extreme elevations arehmin520.33 Å andhmax

510.75 Å . In ~b! we recall the experimental STM image~Ref.
20!.
whereEtot(CuN) is the total energy of the substrate withN
atoms and a~111! surface,Efree(Ag) the energy of an iso-
lated Ag atom ~taken as the energy origin!, and finally
Etot(Agn /CuN2nv

) is the total energy of the system, includ

ing the Cu substrate with (N2nv) atoms and the adsorbe
layer containing n Ag atoms per unit cell. In this expressio
we take into account the possibility to createnv Cu vacancies
in the first substrate layer to minimize the adsorption ener
As for the vacancy formation energy in the bulk, thenv Cu
atoms, which have been taken off, are assumed to be
placed at the Cu chemical potential, i.e., the Cu cohes
energyEcoh (Cu). It is worth noting that this grand canonic
formalism does not supply any information on the atom
mechanism for the formation of these vacancies, and th
would not apply to eventual intermediate states, such as
integration of the removed Cu atoms in the Ag adsorb
plane. In practice, this means that these Cu atoms are
placed at some pure Cu kinks in step edges. The opti
structure will then be the one which minimizes the adso
tion energy@Eq. ~1!#.

The energetic model is derived in the framework of t
tight-binding approximation. More precisely, we write th
energy of an atom at sitei as the sum of a band contribution
in the form of the square root of the second moment of
local electronic density of states, and a repulsive term of
Born-Mayer type:24

Ei5Eband
i 1Erep

i , ~2!

Eband
i 52H (

j ,r i j ,r c

j IJ
2 expF22qIJS r i j

r 0
IJ

21D G J 1/2

, ~3!

Erep
i 5 (

j ,r i j ,r c

AIJ expF2pIJS r i j

r 0
IJ

21D G , ~4!

where r i j is the distance between atoms at sitesi and j ,
respectively occupied by theI and J chemical species:I ,J
5Ag or Cu; r c is the cutoff of the interaction~here beyond
second neighbors!; and r 0

II is the first-neighbor distance in
the metalI @r 0

IJ5(r 0
II 1r 0

JJ)/2#.
Therefore, the energy depends on three sets of four

rametersj IJ , AIJ , pIJ , andqIJ , which characterize, respec
tively, the Ag-Ag, Cu-Cu, and Ag-Cu interactions. The va
ues of these parameters are the same as in the previous
binding study.22 They have been determined for homoatom
interactions~Ag-Ag and Cu-Cu! by fitting the experimental
values of the cohesive energy, lattice parameter, and dif
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10 912 PRB 59MEUNIER, TRÉGLIA, GAY, AUFRAY, AND LEGRAND
ent elastic constants. The mixed interactions~Ag-Cu! are de-
termined to reproduce the essential feature of the Ag
phase diagram, namely, the existence of a miscibility g
This is achieved by fitting the solution energies of both Ag
Cu (20.38 eV) and Cu in Ag (20.28 eV).25

It is well known that the surface energy of each pu
metal is underestimated within this kind of N-body potenti
as it is the case for other related methods~embedded-atom
method~EAM!,26 effective medium theory~EMT!,27 Finnis-
Sinclair potentials,28 glue model,29 etc.!. However their dif-
ference from one element to the other is fortunately w
reproduced in the case of Ag and Cu, which is an essen
requirement in surface alloys and alloy surfaces studies.30

Then the optimized structures are obtained by means
quenched molecular dynamics algorithm.31 The atoms are
displaced following the interatomic forcesFi calculated as

FW i52
dEtot

drW i

. ~5!

The quenching procedure is performed by cancelling the
locity vW i of atom i when the productFW i•vW i becomes
negative.31 This drives the system toward a minimum of e
ergy at T50 K.

III. OPTIMIZED STRUCTURE OF ONE AG MONOLAYER
ON CU„111…

A. Survey of the previous theoretical study

Let us briefly summarize the previous study performed
the Ag/Cu~111! system.22 The first step was to determine th
periodicity of the superstructure at the completion, the la
being defined as the critical coverage beyond which an
ditional Ag adatom should be located in the second adla
This was performed by placing an (n21)3(n21) Ag
layer on ann3n Cu(111) substrate in order to determine t
value of n which minimizes the adsorption energy per A
atom. In fact, what was found was that this energy presen
very smooth minimum in the range 9<n<11. This value is
close to the valuen* that could be predicted from the simp
geometrical criterion of a uniform distribution of the siz
mismatch all along the close-packed rows, namely,

n* 5
1

12
r Cu

0

r Ag
0

58.76 ~6!

with r Cu
0 51.28 Å andr Ag

0 51.445 Å .
Nevertheless, it is worth pointing out that, even thou

this simple criterion was apparently satisfied, the distribut
of the Ag atoms~and that of the underlying Cu ones! was far
from being uniform. Indeed a very strong corrugation o
curred, which could be quantified for each plane paralle
the surface as given by the maximum amplitude of eleva
between the lowest and highest atoms of this plane.
corresponding corrugation of the first atomic planes was v
pronounced, extending into the substrate up to the tenth
layer. The Ag adlayer presented a corrugation of about
Å, whereas a maximum value of 1.2 Å was observed on
first substrate plane~see the curves fornv50 in Fig. 2!.
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In order to obtain an atomic-scale insight into the stre
distribution in the system, in Figs. 3~a! and 3~b! we show the
maps of local pressure32–34 undergone by the atoms of th
first two planes: the adsorbate Ag plane and the first
substrate layer.23 A striking feature is the almost complet
reversal between the images of Ag and Cu layers. More p
cisely, all the Ag atoms undergo a tensile pressure, the m
tensile ones being concentrated in localized regions w
rounded shapes. Conversely, the Cu plane presents
compressive and tensile regions, the sites in maximum c
pression lying just below the Ag ones presenting the ma
mum tensile stress. The underlying planes present a sim
compression which is completely damped beyond the te
layer only. This implies that the most strained regions
made up of columns of atoms ended by the most tensile s
of the Ag adlayer. Let us recall that these Ag tensile sites
those placed in on-top or close to on-top positions with
spect to the underlying Cu atoms, corresponding locally t
$A(Ag)-A(Cu)-B(Cu)-C(Cu)-A(Cu)-•••% stacking, as de-
scribed schematically in Fig. 4. Surprisingly the Ag sit
with the highest elevation are the hexagonal-close-pac
~hcp! ones, corresponding to the local$B(Ag)-A(Cu)-

FIG. 2. Corrugation profile~in Å! associated with the 939 ~full
lines! and 10310 ~broken lines! superstructures, for different num
bers of Cu vacancies per unit cell (nv50, 4, and 5!.

FIG. 3. Local pressure maps in the Ag@~a! and ~c!# and Cu
@~b! and ~d!# layers for the 10310 superstructure, without@~a! and
~b!# and with five Cu vacancies@~c! and ~d!#. The gray scale is
chosen such as the white~black! atoms are the most tensile~com-
pressed! ones with the following extreme values: In the Ag laye
Pmin5288 kbar, andPmax5119 kbar; and in the Cu layerPmin

5277 kbar, andPmax5184 kbar.
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PRB 59 10 913Ag/Cu~111! STRUCTURE REVISITED THROUGH AN . . .
B(Cu)-C(Cu)-A(Cu)-¯% stacking, whereas the Ag atom
placed in the on-top position are those with the lowest ele
tion, this result also being recovered by EAM simulation.35

A way to relax partially the interfacial stress should be
avoid such unfavorable positions by removing atoms fr
regions where they are the less coordinated, either from
Ag adlayer or from the first Cu substrate plane. Another w
is to create a local stacking fault on one of the first tw
planes to eliminate the on-top positions, either in the
plane or the Cu plane. In this latter case the stack
$A(Ag)-A(Cu)-B(Cu)-C(Cu)-A(Cu)-•••% is replaced by
$A(Ag)-C(Cu)-B(Cu)-C(Cu)-A(Cu)-•••% ~see Fig. 4!. We
will see in the following sections that this localized stacki
fault, surrounded by partial dislocation loops, also requi
the formation of Ag or Cu vacancies. This means that
two processes of interfacial stress relaxation~point defects
and dislocation loops! are strongly connected.

B. Creation of vacancies in the Ag adlayer

As mentioned above, it is tempting to relax the stress
introducing vacancies within the Ag adlayer. This is what
have done by removing successively the Ag atoms in
on-top or close to on-top position for the 10310 periodicity.
The perfectly on-top position is unique, as can be seen
Fig. 4. Therefore, there is no ambiguity for removing a sin
vacancy. The choice is more puzzling in what concerns
following removals, since the structure is symmetric arou
the perfect on-top position, presenting six less coordina
equivalent sites. Then, instead of squeezing out one o
these six atoms, we prefer to remove them along a clo
packed row near the on-top atom, in order to let the oth
relax without constraint. As can be seen in Fig. 5, the int
duction of Ag vacancies leads to a continuous increase of

FIG. 4. Schematics of the stacking fault, which allows one
avoid unfavorable on-top positions~left-hand side!, by the introduc-
tion of a partial dislocation loop~right-hand side!. The Ag ~Cu!
atoms are represented by empty~gray! circles. Upper side: sche
matic profile view. The darker circles label the Cu atoms initially
‘‘unfavorable’’ positions. Lower side: top view of the first two lay
ers ~Ag and Cu!.
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adsorption energy whatever their concentration. This me
that the system ‘‘prefers’’ to accommodate the stress indu
by the on-top atoms by allowing a long-range corrugat
into the substrate rather than to lower the atomic density
the Ag adlayer. Thus the triangular shaped regions obse
by STM cannot be attributed to Ag vacancies.

C. Creation of vacancies in the first Cu substrate layer

Let us now study the effect of introducingnv Cu vacan-
cies per unit cell in the first substrate layer. This means t
we have to locate the Cu atoms which have been remo
elsewhere. The choice of this location is far for being simp
Indeed, two main situations can be encountered depen
on that one favours either thermodynamical or kinetical
guments.

~i! In the former case, i.e., from a thermodynamical po
of view, the stablest situation is to locate the removed ato
at some substrate step edges.

~ii ! In the latter case, i.e., from a kinetical point of view,
possible transient state could be found at least for a sys
presenting a wide range of miscibility in the bulk phase d
gram, by relocating the removed substrate atoms within
deposit adlayer, forming a two-dimensional dilute surfa
alloy.

Here, consistently with our aim to find the stablest stru
ture at equilibrium, we have chosen to follow the thermod
namical prescription, i.e., to locate the removed atoms
kinks. This is the most natural way as the kinetic soluti
does not apply to our case since the miscibility between
and Cu is very low in the bulk.

Two extreme ways exist to introducenv Cu vacancies,
either in a nonlocalized way by suppressing one Cu atom
each ofnv close-packed rows before shifting continuous
the remaining Cu atoms along these rows, or in a more
calized way by removing the Cu atoms which are in the clo
vicinity of the perfectly on-top Ag atom~in practice, we
remove these Cu atoms along a close-packed row, pas
through this on-top position!. For the first case~continuous
shift of the Cu atoms!, the relaxation leads to the superstru
ture shown in Fig. 1~c! for the 10310 unit cell with four and
five vacancies. We can observe triangular-shaped reg
with one or three protruding atoms in the center, in excell

FIG. 5. Variation of the adsorption energy in eV/at with respe
to the one of the 10310 superstructure without vacancies, as
function of the number of either Ag vacancies in the 10310 super-
structure~dotted line!, or Cu vacancies in the 10310 ~full line! and
939 ~broken line! superstructures.
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agreement with STM images. In the bottom of Fig. 4, w
show a schematics of the final configurations of the first t
planes~the Ag adlayer plane and the first Cu substrate o!
for the 10310 unit cell with five vacancies, initially nonlo
calized.

Let us remark on the efficiency of the relaxation alg
rithm, which leads to a localization of the shifted Cu atom
the nv vacancies themselves being distributed along a tr
gular boundary. In fact, the same triangular structure is
tained if one introduces the vacancies in a more locali
way, following the second proposed procedure. This c
firms that this structure is the stablest one and not a m
stable solution, since it is obtained whatever the initial co
figuration. It is worth noting that such a configuration h
been already obtained for small vacancy clusters in bulk
metals.36,37The Cu atoms inside the triangle are now in a h
position relatively to the Cu substrate. This allows the
atoms, which were previously in on-top or close to on-t
positions, to be in ternary hollow positions. Moreover the
atoms along the triangle edges are in a fourfold position,
the triangular corner Ag atoms are in a fivefold positio
which leads to more favorable Cu-Ag bonding.

The minimum values of the adsorption energy are fou
for 3<nv<5, the absolute minimum being reached for fo
vacancies for the 10310 structure. The obtained value, bo
for the 939 and 10310 superstructures, is very close to t
Moiré structure one~i.e., without Cu vacancies!, since it is
lower by only 0.004 eV/at. This is consistent with the obs
vation of the two structures, depending on the temperatur19

Let us conclude this section by noting that the Cu vaca
formation energy becomes negative for 3<nv<5. This is
very similar to the stress relaxation process predicted
clusters of icosahedral structure.38 In this case, the existenc
of a constitutive central vacancy is shown to be the m
efficient way to relax internal stress due to the icosahe
stacking.

For the present case, the low~and even negative! value of
the vacancy formation energy on given sites of the first
substrate plane can shed some light on the atomic me
nism responsible for the superstructure. In fact it is w
known that the superficial~ad!vacancy concentration i
higher than the bulk one. This is a consequence of the lo
vacancy formation energy at the surface, which is its
mainly due to the smaller number of broken bonds neces
to create an advacancy. As the surface contains a lo
sources and sinks of point defects, the superficial vaca
concentration reaches~or retains! its equilibrium value very
easily. Since a part of these superficial vacancies must
regate in the favorable zones of the first substrate plane
scribed above, we can expect rapid exchanges between
vacancies and the concerned Cu atoms of this pla
However, a detailed calculation of the various migration b
riers is necessary before concluding on the preponderanc
a given mechanism.

D. Introduction of partial dislocation loops
in the first Cu substrate layer

We just have seen that the formation of four or five v
cancies per unit cell in the first substrate plane, for the
39 or 10310 superstructures, allows us to avoid the on-
o
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position of some Ag atoms. The triangular shape is in fac
localized region where the stacking$A(Ag)-A(Cu)-B(Cu)-
C(Cu)-A(Cu)-•••% is replaced by$A(Ag)-C(Cu)-B(Cu)-
C(Cu)-A(Cu)-•••%, leading to a stacking fault in the firs
substrate plane~see Fig. 4!. It is well known that a localized
stacking fault can be formed in the bulk by dissociation o
perfect dislocation into Shockley partials or by Frank dis
cations, for instance produced by aggregation
vacancies.39,40 A famous example is the stacking-fault tetr
hedra observed in quenched gold,41 silver, and also nickel-
cobalt alloys.40 However, this peculiar geometry is a thre
dimensional~3D! one. Thus one can ask about the relati
between the extension of the stacking fault and the num
of point defects necessary to its creation in the pres
quasi-2D geometry.

To answer this question, let us consider Frank dislo
tions running alonĝ 11̄0&-type directions~i.e., a triangular
loop! in the first ~111! surface layer of a pure semi-infinit
Cu crystal with the stackingC(surface)-A-B-C-A . . . . This
is obtained by vacancy condensation~see Fig. 6! in the first
underlayer (A). However, as can be seen in this figure, d
pending on whether the orientation of the loop is down (,)
or up (n), the number ofC sites is greater or smaller tha
the number ofB sites inside the triangular loop. As a cons
quence, for the down orientation, we can expect a giant
laxation of the surface atoms, those above the triangular l
of vacancies going into theC sites inside the triangular loop

TABLE I. Relation between the size of the Frank loop~in num-
ber of vacancies,nFrank); the faulted Cu triangle~in number of Cu
atoms,nCu); the number of Cu vacancies per unit cell,nv ; the
length of the Ag triangle edges~in number of Ag atoms, Agedge);
and the number of protruding Ag atoms, Agprotruding.

nFrank nCu nv Agedge Agprotruding

3 1 2 2 0
6 3 3 3 0
10 6 4 4 1
15 10 5 5 3
21 15 6 6 6

FIG. 6. Vacancy condensation in theA layer of a fcc
. . . C/A/B/C/ . . . stacking. The dots are used for atoms of typeA,
the full circles for those of typeC, and the crosses for those of typ
B atoms. Only the triangular loops of 15 vacancies in theA layer are
shown. The other loop sizes~3, 6, 10, and 21! indicated in Table I,
are obtained in a similar way.
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PRB 59 10 915Ag/Cu~111! STRUCTURE REVISITED THROUGH AN . . .
Let us recall that such phenomena are obtained for sm
vacancies clusters in fcc bulk crystal.36,37 If we now remove
the remaining surface atoms, theA plane with its triangular
stacking fault is correctly prepared to become the first s
strate layer recovered by the Ag adlayer. In Table I, we g
the relation between the number of vacancies forming
initial Frank loop, the number of effective Cu vacancies a
Cu atoms in the faulted triangle in the first underlayer af
the giant relaxation of the surface atoms, and the numbe
Ag atoms in the triangle in the adlayer plane. For this lat
quantity, we distinguish the atoms above the faulted Cu
angle~which are the protruding atoms! from the Ag atoms of
the triangle edges.

With this construction, we see that the four~five! Cu va-
cancies case corresponds precisely to Ag triangles with e
four ~five! atoms in length and one~three! protruding atom.
Moreover, it unifies the description of the superstructure
terms of point defects or dislocation loops in the first und
layer. Finally, it explains the orientation of the triangle~up or
down!. Thus it allows us to conclude that a step does
change the orientation of the triangles, whereas the pres
of a buried twin parallel to the surface must change it.

IV. COMPARISON WITH EXPERIMENTS
AND LOCAL ANALYSIS

A. Comparison with experiments

Let us now compare the atomic structure of the Ag la
with the STM image of Fig. 1~b!.20 In Fig. 1~c! we show the
10310 relaxed structure corresponding to the two m
stable situations, i.e., with triangles edged, respectively,
four and five atoms~obtained by introducing four and fiv
Cu vacancies, respectively, per unit cell in the first subst
layer!. One can see that the agreement with STM image
strongly improved with respect to the configuration witho
vacancies@the Moiré structure, Fig. 1~a!#. Indeed, the hol-
lowed regions associated with the tensile areas of the Ḿ
structure have been replaced by deep triangular-shape
gions, edged by four or five atoms, with one or three p
truding atoms in the center. The same morphology with
angles and protruding atoms is observed equally for th
39 structure.

Let us go into more detail in the description of these
angles. In Table II, we can see that the elevation stron
differs from one site~vertex, edge, and center! to the other.
In particular, the vertices are found deeper than the e
atoms, except for the five-atom-edged triangles in the 939
structure. This is in quite good agreement with the exp

TABLE II. Corrugation of the Ag atoms occupying the differe
sites above the Cu stacking fault. The experimental data~Ref. 20!
are given with an uncertainty of60.05 Å . The theoretical value
are averaged on the various sites, which leads to a dispersio
about60.10 Å .

10310
nv55

10310
nv54

939
nv55

939
nv54 Experiment

vertex 20.54 Å 20.65 Å 20.32 Å 20.55 Å 20.20 Å
edge 20.27 Å 20.36 Å 20.31 Å 20.32 Å 20.20 Å
center 20.02 Å 20.16 Å 20.00 Å 20.13 Å 20.00 Å
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mental line scans, giving the corrugation amplitude alon
direction parallel to one triangle edge.20 Moreover the corru-
gation is more pronounced for the 10310 structure than for
the 939 one. Finally, it is worth noticing that a mixing o
939 and 10310 superstructures could be consistent w
the periodicity given by SXRD experiments, namely, 9.
39.43.20 Moreover, preliminary simulations of the in-plan
SXRD reflections using our stablest structures as input re
a very good agreement.

Let us mention that similar dislocation loops in the fir
substrate layer have also been observed in the Au
system.42 However, in that case, the reconstruction of t
first Ni substrate layer was associated with the formation o
dilute Au~Ni! surface alloy, the STM images showing ev
dence of Ni atoms incorporated in the Au overlayer. Here
STM images presented in Fig. 1~b! for the Ag/Cu~111! sys-
tem do not indicate a similar incorporation of Cu atoms
the Ag adlayer, even though one has to be cautious be
drawing definite conclusions since the present images b
present smaller areas and have lower resolution than th
obtained for Au/Ni.42 Our study shows that this mechanis
for epitaxial stress relaxation can be efficient without reso
ing to surface alloy formation.

B. Local analysis

A main characteristic of the triangular structure is to e
hibit Ag atoms occupying ternary sites instead of the un
vorable on-top sites present in the Moire´ structure. Actually
the triangular region is essentially made of a triangular sta
ing fault surrounded by a partial dislocation loop. Above th
loop, which forms a channel, the Ag adatoms can occu
positions in which they are bounded to four neighbors,
even five neighbors in the corners. Such an evolution tow
a more close-packed structure allows one to gain suffic
energy to compensate for the stacking fault energy and
vacancy formation energy. This can be seen in Fig. 7,
which we plot the maps indicating the local energy in ea
site for the first two planes~the Ag adlayer and the first Cu

of

FIG. 7. Local energy maps in the Ag@~a! and ~c!# and Cu@~b!
and ~d!# layers for the 10310 superstructure, without@~a! and ~b!#
and with five Cu vacancies@~c! and ~d!#. The gray scale is chose
such that the white~black! atoms are the most favorable~unfavor-
able! ones with the following extreme values: in the Ag laye
Emin522.91 eV/at andEmax522.73 eV/at; and in the Cu layer
Emin523.42 eV/at andEmax523.24 eV/at.
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underlayer! before and after the introduction of Cu vaca
cies. Indeed, in the Ag adlayer the very unfavorable on-
sites are now avoided, whereas new favorable sites app
corresponding to the fivefold and fourfold positions. T
situation is more complex in the Cu layer, but it can be se
that the most unfavorable sites have now been suppresse
the introduction of vacancies, which is the signature o
more general release of the stress.

The pressure map associated with the triangular struc
confirms that the introduction of vacancies is an efficie
way to relax the stress. This is shown in Figs. 3~c! and 3~d!.
As a main effect the compressive stress is reduced and
tributed more uniformly in the first Cu layer. At the atom
level, this stress relief is followed by a significant change
the corrugation profile of the Cu layers. As can be seen
Fig. 2, the corrugation is more rapidly damped and its a
plitude widely lowered, both for the 10310 and 939 struc-
tures. The situation is slightly different for the Ag layer. I
corrugation is unchanged for the 10310 periodicity, whereas
a significant lowering is observed for the 939 superstruc-
ture, at least for the case of four vacancies per unit cell

V. CONCLUSION AND PERSPECTIVES

In this paper, we have studied different ways to relax
interfacial stress due to a strong size mismatch in hetero
taxy for the Ag/Cu~111! system. Whereas the general way
release the stress is to consider different configurations
the deposited element~introduction of dislocations in the ad
layer or continuous matching of the deposit relatively to
substrate!, here we show that the adlayer reconstruction c
be made more efficient by coupling it to a reconstruction
the first substrate layer. More precisely, introducing a few
vacancies collapsing in a partial dislocation loop allows us
avoid the very unfavorable on-top positions by creating
x
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stacking fault under the Ag adsorbate layer. The introduct
of the dislocation loop in the substrate has two main con
quences compared to the previously proposed structure w
out Cu vacancies. First, it strongly reduces the extens
toward the substrate of the perturbation, characterized by
corrugation and the stress induced by the adlayer. Sec
the calculated morphology is now in almost perfect agr
ment with the STM images. Let us note that such a dislo
tion loop in the first substrate layer is stabilized without r
sorting to any Cu-Ag mixing in the deposited adlayer, a
then without formation of a dilute two-dimensional surfa
alloy.

We now plan to develop this work along two direction
First of all, from an experimental point of view, detaile
SXRD data are now available which could be compared w
the lines simulated from the triangular structure. The analy
is currently in progress.43 Then, from a theoretical point o
view, it should be interesting to identify the atomic mech
nisms involved in the creation of the stacking fault. In pa
ticular, this implies quantifing the corresponding activati
barriers. Moreover, one can wonder about the influence
this superstructure on the dissolution process of 1-ML A
Cu~111! on the one hand, and on the kinetics of segregat
in Cu~Ag!~111! on the other hand. From this point of view
the preliminary STM data of the first dissolution stages
very promising, and calculations are in progress thereup
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