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Local strain analysis of the herringbone reconstruction of Au„111…
through atomistic simulations

H. Bulou* and C. Goyhenex
IPCMS-GSI, CNRS UMR7504, 23, Rue du Loess, F-67037 Strasbourg Cedex, France

~Received 23 July 2001; published 2 January 2002!

In this paper, the concept oflocal surface mismatchis introduced and calculated in the framework of the
tight-binding second moment approximation. Within this concept, the local surface lattice parameter is calcu-
lated, taking into account the bonds of the surface atoms with the bulk ones. It is shown that the local surface
lattice parameter depends on the relative range of the repulsive part of the potential with respect to the
attractive one: the smaller this latter is, the greater the local surface lattice mismatch is. An illustration of the
consequences of this concept is given in the case of the herringbone reconstruction of Au~111!. A strong
dispersion of the in-plane surface nearest-neighbor distances, spreading from 2.68 Å at the kink positions to
2.86 Å in the fcc regions, is reported. A similar dispersion is observed for the hydrostatic pressures. This
dispersion explains the preferential nucleation phenomena on such a reconstructed surface.
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I. INTRODUCTION

Metallic surfaces are thermodynamically unstable in
cleaved-bulk configuration, and some of them reconstr
into an atomic arrangement different from the bulk one. Su
a behavior can be observed for every low-index faces of
metals, viz~100!, ~110!, and ~111! faces. A common expla
nation is a change in the interatomic forces in different
vironments at the surface with respect to the bulk envir
ment due to the reduced number of chemical bond1

Because of the lack of electronic density in the cleaved-b
configuration, the surface atoms try to get closer, in so
cases inducing a global atomic rearrangement of the surf

Numerous studies were devoted to surface reconstruc
phenomena as well from a theoretical point of view as fr
an experimental one, in particular on fcc~110! surfaces. For
this orientation, surface reconstructions were observed
Au,5–11 Pt,12–17 and Ir.18–21 On the other hand, a fcc~111!
reconstruction is observed only for Au~111!,24,56 and, in
some specific conditions, for Pt~111!,2–4 and theoretical stud
ies are less common. This lies in the nature of the fcc~111!
reconstruction. Unlike a fcc~110! reconstruction, a fcc~111!
reconstruction involves a great number of atoms in numer
inequivalent positions with respect to the underlying pla
For example, a typical supercell of the Au~111! herringbone
reconstruction is 703280 Å2.3 Ab initio studies, which are
common for fcc~110! reconstructions, are impossible in th
case of a~111! reconstruction. Therefore, only semiempiric
methods, like the effective-medium theory and the tw
dimensional Frenkel-Kontorova model, have been used u
now, for example in the case of the Pt~111! ~Ref. 22! and the
herringbone Au~111! reconstructions.23 Another important
consequence of the great number of atoms involved in
fcc~111! reconstructions is the strong structural inhomoge
ity of the surface,24 which is assumed to be at the origin
the preferential nucleation observed for Co,25,26Fe,27 Ni,28,29

Rh,30,31 or Cu ~Ref. 32! on Au~111!. To our knowledge, no
theoretical structural studies of the inhomogeneous herr
bone reconstruction of gold at the atomic level have yet b
0163-1829/2002/65~4!/045407~10!/$20.00 65 0454
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published. Thus the purpose of this paper is to present a l
strain analysis of the herringbone reconstruction of Au~111!
through atomistic simulations performed by means of tig
binding quenched-molecular dynamics. Molecular dynam
is a perfectly adapted tool to describe the surface inhomo
neity, since the atoms are allowed to move along three di
tions of space. In addition, the chemical nature of the ato
bond is taken into account through the interatomic potent
used to derive the forces acting on the atoms. Finally, se
empirical methods allow one to investigate systems cont
ing a great number of atoms~up to several tens of thousand!
which is the case of this particular~111! reconstruction.

In the following, an analytical description of the fcc~111!
surface behavior is given in the framework of the tigh
binding second-moment approximation~TB-SMA! ~Sec. II!.
Then the concepts described in Sec. II are illustrated b
tight-binding quenched-molecular-dynamic study of the h
ringbone reconstruction of gold~Sec. III!. Local strains and
hydrostatic pressures of a Au~111!-reconstructed surface ar
presented. The link between the preferential adsorption
such a surface and the spatial distribution of the hydrost
pressure is discussed.

II. DRIVING FORCES OF THE RECONSTRUCTION
OF CLOSE-PACKED SURFACES OF METALS

WITHIN THE SECOND-MOMENT APPROXIMATION
OF TIGHT BINDING THEORY

A. Surface misfit ms

It is now well established that the ability of a transitio
metal surface to reconstruct depends on the surface st
the surface energy, and the energy cost of disloca
formation.33–36These quantities depend on the surface int
atomic equilibrium distance. The latter distance is norma
shorter than the bulk distance because of the charge red
bution at the surface.1 Then the surface interatomic equilib
rium distance is a key parameter of the reconstruction p
nomena.

We define thelocal surface lattice parameter r0
S as the

distance between surface atoms for which the surface
©2002 The American Physical Society07-1
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H. BULOU AND C. GOYHENEX PHYSICAL REVIEW B65 045407
energyEsite is minimal. The local surface lattice paramet
concept is very close to theeffective lattice constant of th
surface, introduced by Dodson in his study of the~001! re-
construction of transition metals.37 However, Dodson’s effec-
tive lattice constant of a surface was determined from a s
tem where there is no bulk material~2 ML!, meaning that the
bonding of the surface atoms with underlying bulk atoms
not taken into account. This then induces an overestima
of the surface mismatch. In our model this surface-b
bonding is considered. Actually, the local surface lattice
rameter is similar to the bulk equilibrium distancer 0 , but at
the surface.

Note that the calculated local surface lattice parame
obtained by a minimization of the surface site energy, m
differ from thereal surface lattice parameter. The minimiz
tion of the surface site energy does not imply a minimizat
of the underlying bulk site energy, which can even
slightly increased. The interest of the local surface latt
parameter is to highlight the tendency of the surface lattic

FIG. 1. Contour plot of the variation of the local surface m
match as a function ofp/q and 3A/j. The black dots represent th
value for elements quoted in Table I.
e
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the cleaved-bulk configuration to contract, which is at t
origin of the surface reconstruction of some elements a
will be shown below.

In the framework of the second-moment approximation
the tight-binding theory,38 r 0

S can be determined by minimiz
ing the site energy of surface atoms:

Ei
site5Ei

b1Ei
r . ~1!

Ei
b is the band term, and is obtained by integrating t

local density of states up to the Fermi level.38 This gives rise
to the many-body character of the potentials necess
to account for surface relaxations and reconstruction39

When replacing the realistic density of states by a schem
rectangular one having the same second moment, i.e.,
same full width at half maximum ~second-momen
approximation40!, one obtains

Ei
b52H (

j ,r i j ,r c

j2 expF22qS r i j

r 0
21D G J 1/2

. ~2!

Exponent q characterizes the distance dependence of
hopping integral between atoms at sitesi andj, j is an effec-
tive hopping integral, andr 0 is the nearest-neighbor distanc
in the metal. The interaction is canceled beyond a cu
radius r c . The repulsive termEi

r is described by a sum o
Born-Mayer ion-ion repulsion,41

Ei
r5 (

j ,r i j ,r c

A expF2pS r i j

r c
21D G , ~3!

where p is related to the bulk modulus of the metal. It
known that the nearest-neighbor interactions are insuffic
to reproduce reconstructions.42 Hence, in the calculation pre
sented in this paper, the summations in Eqs.~2! and ~3! are
extended up to the next-nearest neighbors. The qualita
picture of the reconstruction remains unchanged when c
sidering third-nearest neighbors.43 The minimization of Eq.
~1! with respect to the distancer between the nearest
neighbor atoms leads to~Cf. the Appendix!
ms5
dr

r 0
.~31Cq!

)ApA31Cq~31&Cp!2qj~31&Cq!

@)Ap2~31Cq!3/2~312Cp!22q2j~312Cq!~31Cq!1q2j~31&Cq!2#
~4!
s a
his
e I.
al-
be
al

air
e

the
Cq5exp@22q~&21!#, Cp5exp@2p~&21!#, ~5!

where the quantitydr is defined asdr 5r 0
B2r 0

S . SinceCq

!1 andCp!1,

ms.
3Ap2jq

3Ap22jq2 . ~6!

From Eq. ~6!, one notes that the surface mismatch d
pends both on thep/q and 3A/j ratios. Figure 1 displays a
contour plot of the variations of the local surface misma
as a function ofp/q and 3A/j. The most striking point is
-

h

that the absolute value of the local surface mismatch i
decreasing function of both ratios. The black dots of t
figure represent the values for elements quoted in Tabl
The parameters of the TB-SMA potentials used in this c
culation are given in Table I. Two observations can
pointed out. The first one is the large variation of the loc
surface mismatch for the considered elements, from21% for
Rh to 22.75% for Au. The second one is related to the p
of ratios (p/q,3A/j): there are two ways to obtain a larg
surface mismatch. Either one has a small 3A/j ratio or a
smallp/q one. In the first case, however, as for Rh and Ir,
effect of a small 3A/j is counterbalanced by a largep/q,
7-2
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TABLE I. Parameters of the model~Ref. 44!. * Effective lattice constant of the surface from the Dods
model ~Ref. 37!.

Element A ~eV! p j ~eV! q r0 ~Å! r 0
S ~Å! mS ~%! mS

Dodson~%!

Rh 0.094 14.92 1.916 2.380 2.69 2.662 21.05 -
Ir 0.124 15.98 2.376 2.760 2.71 2.681 21.07 -
Cu 0.089 10.55 1.280 2.430 2.56 2.513 21.84 -
Ag 0.103 10.85 1.189 3.180 2.89 2.831 22.05 -
Pd 0.171 10.90 1.713 3.720 2.75 2.688 22.27 -
Pt 0.295 10.47 2.693 3.935 2.77 2.709 22.53 23.8*
Au 0.210 10.145 1.818 4.03 2.88 2.807 22.74 24.3*
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inducing a small surface mismatch. Conversely, the elem
with a largep/q ratio ~Au and Pt, for example! have a large
surface mismatch, although 3A/j is large. This means tha
the variation of the local surface mismatch is mainly go
erned by thep/q ratio.

1. Influence of the relative range of the attractive and repulsiv
parts of the interatomic potential

The p/q ratio characterizes the relative range of the
pulsive part of the interatomic potential with respect to t
attractive one: the smaller this ratio, the larger the range
the repulsive part with respect to the attractive one. T
variation of the surface mismatch as a function ofp/q @Eq.
~4!# is given in Fig. 2 for the metals listed in Table I.

We see that the largest surface mismatch is obtained
the smallestp/q ratio. This effect can be easily understoo
from the scheme described in Fig. 3, which depicts in a s
plified way the weight of both repulsive and attractive pa
for two values ofp/q. The creation of a surface results in
loss of a part of both attractive and repulsive interactions
the case of a smallp/q ratio @Fig. 3~a!#, the removed repul-
sive part is larger than the attractive one, which means th
a surface the weight of the attractive part with respect to
repulsive one is larger than in the bulk. Therefore, there
contraction of the surface lattice parameter. The contrac
is weaker in the case of a largerp/q ratio since, in this case
the difference between the removed repulsive part and
attractive one is smaller@Fig. 3~b!#.

FIG. 2. Evolution of the expected surface mismatch vs thep/q
ratio.
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The evolution of thep/q ratio for the different metals,
leading to smallest values for Pt, and Au, has two orig
which are well translated by the TB-SMA model. The first
related to the Thomas-Fermi screening lengthl TF , which de-
scribes the range of the strong electronic forces respons
of the cohesion of metals.l TF varies asZ21/6, whereZ is the
atomic number.45 This means that, when moving from a 3d
series to a 5d series, there is a decrease ofl TF ,46 inducing a
decrease of the range of the attractive part of the interato
potential. In the framework of the TB-SMA model, this in
duces an increase of theq parameter, as demonstrated b
Spanjaard and Desjonque`res.47 Such an explanation is in
agreement with the one proposed in Ref. 48, which attrib
the origin of the reconstruction of the 5d metals to the strong
relativistic effects in these atoms. Indeed, due to the
hanced concentration of relativistic electrons near
nucleus,49 the screening length is reduced when the rela
istic effects are strong.50

The second origin of the evolution ofp/q is related to the
d-band filling. Equation~2! gives only thend-band bonding
contribution to the cohesive energy, which increases as
interatomic separation decreases. The stability of the lat
is ensured by the counterbalancing repulsive part@Eq. ~3!#
which is partly provided by the compression of the fre
electron gas, i.e., (n11)s electrons.51 The radial extension

FIG. 3. Schematic view of the range of both the attractive a
repulsive parts of the interatomic potential vs the distance from
center of the atom in the case of a smallp/q ratio ~a! and a larger
one ~b!.
7-3
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H. BULOU AND C. GOYHENEX PHYSICAL REVIEW B65 045407
of the (n11)s electrons is larger than that of thend ones. It
means that the more filled thend band is, the weaker the
nuclear charge sensed by the (n11)s electrons, inducing a
spatial extent of the electronic density associated with
(n11)s electrons. This effect is expressed in an increase
the range of the repulsive part of the interatomic poten
when going from the left to the right of the table presented
Fig. 4, meaning a decrease of thep parameter in the frame
work of the TB-SMA model. The combination of these tw
effects gives the smaller value of thep/q ratio for elements
of the right lower part of Fig. 4, inducing the largest surfa
mismatch for Au and Pt.

2. Influence of the relative strength of the attractive
and repulsive parts of the interatomic potential

The ratio 3A/j characterizes the strength of the repuls
part of the interatomic potential with respect to the attract
one. From a mathematical point of view, the smaller
3A/j ratio, the larger the surface mismatch. The variation
the surface mismatch versus 3A/j @Eq. ~4!# is given in Fig. 5
for the same metals as in Fig. 2. Unlike thep/q dependence
the evolution of the surface mismatch for pure metals d
not follow the mathematical evolution of the surface m
match with respect to 3A/j. This means that the main facto

FIG. 4. Variation of the surface mismatch with the position
the element in the Periodic Table. The gray scale corresponds t
surface mismatch values of Fig. 2, andl TF’s the Thomas-Fermi
screening length.

FIG. 5. Evolution of the expected surface mismatch vs the 3A/j
ratio.
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influencing the surface mismatch in the metals considere
Table I is the relative range of the repulsive part of the p
tential with respect of the attractive one, the strength of
repulsive and attractive parts of the potential having nea
no influence.

B. Unidirectional compression of the surface:
22ÃA3 stripe domain structure

One of the most striking consequence of the surface m
match is the existence of a stress relief mechanism at
surface of pure metals. From an experimental point of vie
the stress relief mechanisms at the~111! surface can be di-
vided in two classes~Fig. 2!: ~i! Pseudomorphy, when th
surface atoms are in registry with the underlying lattice; t
is true for elements having a small surface mismatch suc
Ag, Pd, Cu, Ir, and Rh.~ii ! The formation of discommensu
ration lines in the surface layer for elements having a la
surface mismatch such as Pt~Refs. 2–4! and Au.24,52–56In
the case of gold, the local lattice surface parameter isr 0

s

52.807 Å. In the bulk, the surface occupied by one atom
a ~111! plane isSatom5()/2)r 0

2. This means that for a sur
face with a local surface lattice parameterr 0

s , there areNs

5(r 0 /r 0
s)23Nb atoms in the surface plane, withNb the

number of atoms in a bulk~111! plane. This corresponds t
an increase of about 5% in the number of surface atoms w
respect to the bulk ones. However, for gold, the compress
of the surface layer is anisotropic, since a compression
about 4.5% is observed experimentally54 along the^11̄0&
direction, while the atoms along the^112̄& direction stay in
registry with the underlying bulk plane. Such an anisotro
cannot be explained by means of the surface stress, sincab
initio calculations performed on Ir have shown that the s
face stress is the same along the^11̄0& and ^112̄&
directions.57 These results are easily transposable to the
reconstructed Au~111! surface. Actually, because the su
strate potential is significant, the accommodation betw
the surface layer and the bulk takes place through the in
duction of dislocations. The orientation of these dislocatio
is determined by the glissile directions. Following Franck
dislocation energy criterion,58 the stablest dislocation is
given by the smallest norm of the Burgers vector. In the
lattice on a~111! plane, the smallest Burgers vector for
perfect dislocation isbW (1/2)^11̄0&5(1/2)̂ 11̄0&. Then the over-
close packing of the surface will be obtained by sliding a p
of the surface plane along the^11̄0& direction, and by insert-
ing a new atomic row along thê12̄1& directions. Neverthe-
less, there is a low-energy stacking fault in the~111! plane
for displacement ofbW (1/6)^12̄1&5(1/6)̂ 12̄1&. This allows a
dissociation of the perfect dislocations into two imperfe
dislocations with partial Burgers vectors. For instance,59

1
2 ^11̄0&⇒ 1

6 ^12̄1&1 1
6 ^21̄1̄&. ~7!

From a structural point of view, the gliding of the hal
surface plane along thê11̄0& direction involves a larger
dilatation, and hence a larger misfit energy than a mot
along the^12̄1& direction.

he
7-4
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LOCAL STRAIN ANALYSIS OF THE HERRINGBONE . . . PHYSICAL REVIEW B 65 045407
Application of the Frank energy criterion shows thus th
the elastic strain energy is reduced by the dissociation of
perfect dislocation into partial ones.

b
~1/2!^11̄0&

2
5a2,b

~1/6!^12̄1&

2
1b

~1/6!^21̄1̄&

2
5

2a2

3
, ~8!

wherea is the nearest neighbor distance.
Such a decomposition reduces the global dilation of

surface layers by decreasing the in-plane interatomic
tances in the core of the dislocation, while keeping the r
istry of the surface atoms with the bulk lattice. The imperfe
dislocations obtained are known as Shockley partial dislo
tions. From a structural point of view, a Shockley part
dislocation induces a stacking shift of the surface layer fr
fcc to hcp. The transition area is known as a discommen
ration line. Moreover, because decomposition~7! involves
two different Shockley partial dislocations, a pairwise
rangement of discommensuration lines exists, the first
commensuration line being related to the fcc⇒hcp transition
while the second one is related to the hcp⇒fcc transition.
Such a pairwise arrangement of discommensuration l
was observed in both homoepitaxial systems@Au~111! ~Refs.
24, 55, and 56! and Pt~111! ~Refs. 2–4!#, and heteroepitaxia
ones@Ag/Pt~111! ~Ref. 60! and Cu/Ru~0001! ~Ref. 61!#. Be-
cause of the Franck energy criterion, only one direction
the Burgers vector among the three possible is expected,
hence the whole excess of surface atoms is distributed a
a single^11̄0& direction. This explains the 4.5% compre
sion along thê 11̄0& direction, which is in agreement with
the 5% of excess surface atoms calculated from the lo
surface lattice parameter, while the local surface mismatc
only 2.5%.

C. A high-symmetry surface:
The Au„111… herringbone structure

From now on, we restrict our study to the Au~111! sur-
face. A consequence of the stress relief along only one^11̄0&
direction is to increase the stress along the other two^11̄0&
directions. Then, because of this threefold orientational
generacy, the stripe domain reconstruction is unstable
large areas.62,63The best compromise is then the formation
three types of stripe domain reconstructions, each of th
associated with one of the three equivalent^11̄0& directions.
They are separated by a second type of discommensur
line. From a fundamental point of view, this effect is simil
to the one which induces the stripe domain reconstruc
223). The intersection between the discommensurat
lines of the stripe domain reconstruction and the discomm
suration lines associated with the stripe domain reconst
tion degeneracy induce the formation of kinks. The kinks
themselves ordered, and produce a structure in which tw
three possible rotational equivalent domains of the stripe
main structure alternate periodically across the surface fo
ing the well-known zigzag pattern.24,64
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III. LOCAL ANALYSIS
OF THE Au „111…-RECONSTRUCTED SURFACE

A semi-infinite Au crystal is simulated by means of
finite box subject to periodic boundary conditions along
rections parallel to the surface~^11̄0& and ^112̄&!. As we
work in the microcanonical ensemble, the number of p
ticlesN in each finite box is fixed. This sets a problem for t
study of reconstructed surfaces, since reconstruction o
implies surface density changes, as mentioned earlier. In
systems extra atoms can be added or removed because
ervoirs are present in the form of steps, kinks, or oth
defects.65,66 Such defects are not present in our cell, and
only escape is to adjust the value of the surface atoms n
ber NS . The choice of the initial structure is based on t
experimental observations of the Au~111! surface.24,25,55,56

Thus the first stage consists of proceeding to an overc
packing of the surface along the dense direction^11̄0& that
is, distributing 23 surface atoms uniformly on 22 bulk atom
In the perpendicular̂112̄& direction, the atoms are in regis
try with the bulk. Such a numerical overclose packing
equivalent to an experimental one resulting from an exter
source such as temperature,55,56,67supersaturation vapor,3 or
ion bombardment.4 The second stage consists of duplicati
the structure described in Sec. II B@the A structure in Fig.
6~a!#, and rotating it along thê111& direction by 120°@theB
structure in Fig. 6~a!#. The two structures are then translat
in order to superimpose theO1 andO2 points. In this way,
the bulk lattice of both structures coincide. Only the atoms
x^11̄0&>0 for structureB and atoms atx^11̄0&,0 for structure
A are kept. Much attention is required in order to avoid
large overlap between the surface atoms. The final ini

FIG. 6. ~a! Scheme of the initial structure building. The blac
arrow gives the over-close-packing direction.~b! Initial unrelaxed
supercell.
7-5
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H. BULOU AND C. GOYHENEX PHYSICAL REVIEW B65 045407
structure@Fig. 6~b!# is obtained by cutting up a rectangul
unit supercell@the white rectangle in Fig. 6~a!#.

The relaxation procedure is performed by integrating
equation of motion,68

FW i5mi

dvW i

dt
, ~9!

wherev i(t) is the velocity at timet of an atom at sitei with
massmi , andFi(t) is the force acting on this atom. We us
the Verlet algorithm69 for the time integration algorithm. A
quenching procedure which consists of cancelingv i when
the productFi(t)v i(t) becomes negative has been applie
The force on the atom at sitei is obtained from

FW i52
dEtot

drW i
, ~10!

with

F tot5(
i

Ei
site, ~11!

whereEi
site is the energy of this atom, given by Eq.~1!.

Figure 7 represents a topographic view of a part o
325.44369.84-Å2 relaxed supercell. The slab consists of
~111! bulk planes with one unreconstructed~111! surface
plane at the bottom of the slab, and one overclose-pac
~111! surface plane. Only this latter is represented. B
planes contain 3164 atoms and the reconstructed one
tains 3317 atoms, which is equivalent to an average o
close packing of 4.8%. The total number of atoms in the s
is 47613. The scale along the^111& direction ~surface nor-
mal! has been dilated by a factor 4 in order to amplify t
atomic corrugation. The corrugation around the average
sition of the atoms in this plane is 0.332 Å. In compariso
the corrugation of the unreconstructed surface is only 0.05
The calculated corrugation is slightly larger than the exp
mental one@0.2060.05 Å ~Ref. 24!#.

FIG. 7. Part of a 325.44369.84-Å2 relaxed supercell. Only the
first plan is represented. The scale along the^111& direction~surface
normal! has been expanded by a factor 4 in order to amplify
corrugation. See the text.
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The strong structural inhomogeneity of the reconstruc
surface is the most remarkable point. Several regions ca
observed, as shown in Fig. 8, which displays a map of
mean atomic in-plane nearest neighbor distances. Figu
displays the corresponding distribution. In type-1 regio
the surface atoms are nearly in registry with the bulk latt
~2.86 Å!. This means that in these regions, the surface lat
keeps the fcc stacking imposed by the bulk lattice. Th
regions represent about 45% of the surface. Type-2 reg
are characterized by a misfit of about 2%~2.82 Å!. This
latter value is close to the Au~111! surface misfit~Sec. II A!.
Although this surface lattice constant deviates from the
derlying bulk value, because of the small spatial expans
of these regions, the stacking is close to a hcp one w
respect to the bulk. These regions account for about 25%
the surface.

A relative misfit of about 5.5% is observed in regions
types A and B, where the mean atomic in-plane neare
neighbor distances are 2.80 Å in the center of the disco
mensuration and 2.78 Å on the edge. Regions of typesA and
B correspond to discommensuration lines, i.e., incommen
rate phases. They extend on four atomic sites along

^11̄0& direction at the junction between the fcc and hcp
eas, and occupy 30% of the surface. Because of the three
orientational degeneracy, two orientations of the discomm
suration lines are present on the surface, making an ang

e

FIG. 8. In-plane nearest-neighbor distances.

FIG. 9. Distribution of the mean atomic in-plane neare
neighbor distances. DL is the discommensuration line.
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120°. The B discommensuration lines join themselves
form a single continuous partial dislocation between the fi
and second layers. TheA discommensuration lines join
themselves through the introduction of an extra atomic r
This description is in agreement with the proposed ato
structure of Ref. 28. In the core of the dislocation, at t
junction between theA discommensuration line, the mea
atomic in-plane nearest-neighbor distance is 2.68 Å.

The sites of the discommensuration lines have an ene
182 meV higher than the energy of the fcc sites. Moreov
the fcc sites are more stable than the hcp ones, since a
ference of 2 meV is calculated. This latter value is coher
with that given by Takeuchi, Chan, and Ho~1.3 meV!, ob-
tained from first-principle calculations.70

It is worth noting that the calculated surface energy of
herringbone superstructure is slightly higher than the one
the unreconstructed surface:gunrec50.25 eV/atom andg rec
50.26 eV/atom. Therefore, the reconstruction energyErec
defined as the differenceg rec2gunrec is slightly positive. In
this way we have built a substrate less stable than the u
constructed one because, within our model, it correspond
a local stable minimum instead of an absolute one. At le
the relative site energies of the surface between fcc and
sites are well reproduced as well as the topographic corru
tion. Nevertheless, the correct geometry of the reconstruc
is obtained, provided the relative interaction between the
oms in the surface plane and the interaction between
atoms of the surface and the underlying plane are well
scribed. In addition, we never observe any ejection of ato
from the overfilled surface into adatom positions during
simulations, even upon numerical annealings of the struct
Actually, the most important point is that the Au surfa
remains reconstructed during all the simulations, which gi
a good degree of confidence of our model.

The stress distribution at the gold surface is given in F
10 which displays a map of the local hydrostatic press
which is defined atT50 K ~Refs. 71–73! by

Pi52
dEi

d ln V
52

1

3
Tr@s̄#, ~12!

where V is the atomic volume ands̄ is the surface stres
tensor. The sign of the stress is given by the sign ofPi :
positive for compression and negative for tension. Only
fcc sites are under tension, as in the case of the unre
structed surface~negative pressure, not shown!. This is be-
cause these atoms are at the bulk equilibrium distances
deed, because of the reduced number of chemical bond
the surface, they have a lack of electronic density and he
they try to get closer to each other. The pressure in the
region is nearly zero, because the distances in this region
close to the surface equilibrium one. The atoms of the d
commensuration lines are under compression, with a m
mal value at the kink position. This results from the neces
for the system to accommodate two different regions~fcc
and hcp! on the surface: locally the situation is unfavorab
but this contributes to a favorable situation for the who
system. Such a surface inhomogeneity of the local hyd
static pressure allows us to put forward some hypothesis
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cerning the adsorption on gold reconstructed surface. F
an experimental point of view, it has been reported that so
elements such as Co,25,26 Fe,27 Ni,28,29 Rh,30,31 or Cu ~Ref.
32! nucleate preferentially at the kinks while some othe
such as Au~Ref. 74! or Ag ~Ref. 75! seem insensitive to the
reconstruction. Such a behavior can be explained fr
atomic size considerations. In the vicinity of the kink, th
nearest-neighbor distances are small in order to accom
date the twoA discommensuration lines but at the same tim
it induces a large hydrostatic pressure. Adsorption, and p
sibly incorporation, of atoms smaller than gold, as for e
ample, cobalt, allow the system to decrease the local hy
static pressure by decreasing the equilibrium distance in
kink region, since the equilibrium distance for a Co-Au bo
is smaller than the Au-Au one. The addition of a bigger ato
would not play in favor of a decreasing pressure in this
gion ~see Fig. 10!.

IV. CONCLUSION

In the present work, the behavior of the fcc~111! surface
of some metals is studied in the framework of a tight-bindi
second-moment-approximation model. The concept oflocal
surface mismatchis introduced. Such a concept allows on
to obtain the local tendency of the surface lattice param
while taking into account the bonds of the surface ato
with the bulk ones. It is shown that the local surface latt
parameter depends on the relative range of the repulsive
of the potential with respect to the attractive one: the sma
the latter, the greater the local surface lattice mismatch. C
versely, the relative strength of the repulsive part of the
tential with respect to the attractive one has no influence

The consequences of the different strains at surface an
the bulk have been then studied by means of a tight-bind
quenched-molecular-dynamics study of the herringbone
construction of Au~111!. The most striking point is the grea
inhomogeneity of the mean atomic in-plane nearest-neigh
distances, since a variation from 2.68 to 2.85 Å is obtain
A similar inhomogeneity is observed for the hydrostatic pr
sure. The fcc sites of the reconstruction are under tension
in the unreconstructed situation. The hydrostatic pressur
nearly zero in the hcp region. In the discommensuration li
the atoms are under compression. The compression in

FIG. 10. Distribution of the pressure undergone by the surf
atoms.
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kink region is the most important with a value three tim
larger than in the discommensuration lines. This high co
pression is probably at the origin of the preferential nuc
ation effect of Co, Fe, Ni, Rh, and Cu deposited on
herringbone-reconstructed Au~111! surface. More details
about these phenomena will be discussed in a subseq
paper. Adsorption and incorporation on such surfaces is
an issue to investigate. Indeed, in a recent study of the
adsorption onto a 223) reconstructed Au~111! surface, we
have reported the existence of an unexpected adsorption
located on the low-coordinated bridge site on top of the
fect lines.76 Because of the strong structural inhomogene
in the kink region, such unexpected adsorption sites co
also be present, and hence have a strong influence on
preferential nucleation phenomena. Finally, the concep
local surface mismatch should be transposed to hetero
taxial systems. It should allow a better prediction of the l
tice misfit, which is commonly calculated from the bulk la
tice parameter of the adsorbate.
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APPENDIX

The appendix gives the expression of the surface m
match ms . These expressions are obtained by co
sidering interactions extended up to the next-nearest ne
bors: 12 nearest neighbors@(x,0,0), (x/2,y,0), (2x/2,y,0),
(2x,0,0), (2x/2,2y,0), (x/2,2y,0), (0,2y/3,2z), (2x/2,
2y/3,2z), (x/2,2y/3,2z)# and three next-nearest neig
bors@(x,2y/3,2z), (2x,2y/3,2z), (0,24y/3,2z)#, wherex

is along thê 11̄0& direction,y along thê 112̄& direction, and
z along the^111& direction. Six interatomic distances can b
then distinguished:

Four atoms atr 15
1

2
Ax214y2, ~A1!

Two atoms atr 25x, ~A2!

One atom atr 35
1

3
A4y2119z2, ~A3!

Two atoms atr 45
1

6
A9x214y2136z2, ~A4!

Two atoms atr 55
1

3
A9x214y219z2, ~A5!

One atom atr 65
1

3
A16y219z2. ~A6!
04540
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ent
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The surface lattice mismatch is calculated for an isotro
strain. It means that relations exist betweenx, y, and z: x
5r , y5)/2r , and z5&/3r , where r is the nearest-
neighbor distance. Thusr 15r 25r 35r 45r ~nine atoms! and
r 55r 65&r ~three atoms!. From the Eqs.~1!, ~2!, and ~3!,
the total energy is given by

Etot52jH 9 expF22qS r

r 0
B21D G

13 expF22qS&r

r 0
B 21D G J 1/2

1AH 9 expF2pS r

r 0
B21D G

13 expF2pS&r

r 0
B 21D G J . ~A7!

With the minimization condition

dE

dr
50, ~A8!

one obtains

KF3 expS 2p
dr

r 0
B D 1&Cp expS 2&p

dr

r 0
B D G

5F3 expS 22q
dr

r 0
B D 1&Cq expS 22&q

dr

r 0
B D G

3F3 expS 22q
dr

r 0
B D 1Cq expS 22&q

dr

r 0
B D G21/2

,

~A9!

with

Cq5exp@22q~&21!# ~A10!

Cp5exp@2p~&21!#, ~A11!

dr

r 0
B 5

r

r 0
B21, ~A12!

K5
)Ap

qj
. ~A13!

Becausedr /r 0
B'0.01, one can expand the exponential to fi

order inadr /r 0
B ~a52p, 2&p, 22q, or 22&q!:

KA31CqS ~31&Cp!2p~312Cp!
dr

r 0
B D

5S ~31&Cq!22q~312Cq!
dr

r 0
B D

3S 122q
~31&Cq!

~31Cq!

dr

r 0
B D 21/2

. ~A14!

Since
7-8
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2q
~31&Cq!

~31Cq!
!1, ~A15!

S 122q
~31&Cq!

~31Cq!

dr

r 0
B D 21/2

'S 11q
~31&Cq!

~31Cq!

dr

r 0
B D , ~A16!

and

KA31CqS ~31&Cp!2p~312Cp!
dr

r 0
B D 5S ~31&Cq!22q~312Cq!

dr

r 0
B D S 11q

~31&Cq!

~31Cq!

dr

r 0
B D . ~A17!

To first order indr /r 0
B ,

ms5
dr

r 0
B 5~31Cq!

)ApA31Cq~31&Cp!2qj~31&Cq!

@)Ap2~31Cq!3/2~312Cp!22q2j~312Cq!~31Cq!1q2j~31&Cq!2#
. ~A18!
ta
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