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Local strain analysis of the herringbone reconstruction of Ay111)
through atomistic simulations
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In this paper, the concept ¢dcal surface mismatcks 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 reconstructio(ltf) AN strong
dispersion of the in-plane surface nearest-neighbor distances, spreading from 2.68 A at the kink positions to
2.86 A 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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[. INTRODUCTION published. Thus the purpose of this paper is to present a local
strain analysis of the herringbone reconstruction of14d)
Metallic surfaces are thermodynamically unstable in athrough atomistic simulations performed by means of tight-
cleaved-bulk configuration, and some of them reconstrucbinding quenched-molecular dynamics. Molecular dynamics
into an atomic arrangement different from the bulk one. Suchs a perfectly adapted tool to describe the surface inhomoge-
a behavior can be observed for every low-index faces of fcd€ity, since the atoms are allowed to move along three direc-

metals, viz(100), (110), and (111) faces. A common expla- tions of space. In addition, the chemical nature of the atomic
nation is a change in the interatomic forces in different enpond is taken into account through the interatomic potentials

vironments at the surface with respect to the bulk environY/Sed to derive the forces acting on the atoms. Finally, semi-

ment due to the reduced number of chemical bdnds empirical methods allow one to investigate systems contain-

Because of the lack of electronic density in the cleaved-bulk"9 @ great number of atonfap to several tens of thousands

configuration, the surface atoms try to get closer, in som(g\'hICh is the case of this particulgt1]) reconstruction.

. . . In the following, an analytical description of the f&d.1)
cases inducing a global atomic rearrangement of the surfacgUrface behavior is given in the framework of the tight-
Numerous studies were devoted to surface reconstructiolgi

h 5 h cal boint of Vi ¢ nding second-moment approximatioiB-SMA) (Sec. I).
phenomena as well from at.eoret|ca point of view as fromppe, e concepts described in Sec. Il are illustrated by a
an experimental one, in particular on (t&0) surfaces. For

k i , i tight-binding quenched-molecular-dynamic study of the her-
this orientation, surface reconstructions were observed foiringbone reconstruction of gokBec. 1. Local strains and
AuSH Pt and Ir®72t On the other hand, a f€t1)  pydrostatic pressures of a fiil1)-reconstructed surface are
reconstruction is observed only for AL1),***® and, in  presented. The link between the preferential adsorption on
some specific conditions, for @fL.1),>*and theoretical stud- sych a surface and the spatial distribution of the hydrostatic
ies are less common. This lies in the nature of théfth  pressure is discussed.

reconstruction. Unlike a f¢&10) reconstruction, a fd@11)

reconstruction involves a great number of atoms in numerous II. DRIVING FORCES OF THE RECONSTRUCTION

inequivalent positions with respect to the underlying plane. OF CLOSE-PACKED SURFACES OF METALS
For example, a typical supercell of the @d1) herringbone WITHIN THE SECOND-MOMENT APPROXIMATION
reconstruction is 78280 A2.® Ab initio studies, which are OF TIGHT BINDING THEORY

common for fc€110) reconstructions, are impossible in the
case of 111 reconstruction. Therefore, only semiempirical
methods, like the effective-medium theory and the two- It is now well established that the ability of a transition-
dimensional Frenkel-Kontorova model, have been used up tmetal surface to reconstruct depends on the surface stress,
now, for example in the case of the(P11) (Ref. 22 and the the surface energy, and the energy cost of dislocation
herringbone A(111) reconstructiond® Another important formation®*-**These quantities depend on the surface inter-
consequence of the great number of atoms involved in thatomic equilibrium distance. The latter distance is normally
fce(112) reconstructions is the strong structural inhomogeneshorter than the bulk distance because of the charge redistri-
ity of the surfac€* which is assumed to be at the origin of bution at the surfackThen the surface interatomic equilib-
the preferential nucleation observed for €3°Fe?’ Ni,?®2°  rium distance is a key parameter of the reconstruction phe-
Rh3%3Lor Cu (Ref. 32 on Au(111). To our knowledge, no nomena.

theoretical structural studies of the inhomogeneous herring- We define thelocal surface lattice parameterg’ras the
bone reconstruction of gold at the atomic level have yet beedistance between surface atoms for which the surface site

A. Surface misfit mg
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the cleaved-bulk configuration to contract, which is at the
origin of the surface reconstruction of some elements as it
will be shown below.

In the framework of the second-moment approximation of
the tight-binding theory® rg can be determined by minimiz-

0&77 ing the site energy of surface atoms:

3A/E

toal ESt=EP+E!. 1)
Eib is the band term, and is obtained by integrating the
local density of states up to the Fermi le¥elThis gives rise
to the many-body character of the potentials necessary
to account for surface relaxations and reconstructions.
e s 4w a0 smo | es When replacing the realistic density of states by a schematic
p/q rectangular one having the same second moment, i.e., the
o ~ same full width at half maximum (second-moment
FIG. 1. Contour plot of the variation of the local surface mis- approximatioﬁo), one obtains
rij ) }1/2
—1 . 2
o

match as a function gb/q and 3A/¢. The black dots represent the
| S o2
Exponentqg characterizes the distance dependence of the

value for elements quoted in Table I.
rij<re
hopping integral between atoms at sitesdj, ¢ is an effec-

surface introduced by Dodson In his study of t@01) re- tive hopping integral, and, is the nearest-neighbor distance
construction of transition metafé However, Dodson’s effec- . ppIng gra, 0> = 9
in the metal. The interaction is canceled beyond a cutoff

tive lattice constant of a surface was determined from a sys-_ . . P )
tem where there is no bulk materi@ ML), meaning that the g"d'ush;c' Th_e rgpulswe Iterr;‘ilzi is described by a sum of
bonding of the surface atoms with underlying bulk atoms is®0"-V/&y€r 1on-ion repuision,
not taken into account. This then induces an overestimation .

A ex;{ - p( 2 1)

0.18 -

energyES™ is minimal. The local surface lattice parameter
concept is very close to theffective lattice constant of the

, ()

of the surface mismatch. In our model this surface-bulk Eir=' Z
hrij<re

bonding is considered. Actually, the local surface lattice pa- ¢

rameter is similar to the bulk equilibrium distancg, but at  where p is related to the bulk modulus of the metal. It is
the surface. known that the nearest-neighbor interactions are insufficient

Note that the calculated local surface lattice parameteto reproduce reconstructioiSHence, in the calculation pre-
obtained by a minimization of the surface site energy, maysented in this paper, the summations in E@s.and (3) are
differ from thereal surface lattice parameter. The minimiza- extended up to the next-nearest neighbors. The qualitative
tion of the surface site energy does not imply a minimizationpicture of the reconstruction remains unchanged when con-
of the underlying bulk site energy, which can even besidering third-nearest neighbdt$The minimization of Eq.
slightly increased. The interest of the local surface latticg(1) with respect to the distance between the nearest-
parameter is to highlight the tendency of the surface lattice imeighbor atoms leads {&f. the Appendix

or V3ApPY3+Cy(3+Vv2C,)—qé(3+v2C,)
me=—=(3+C,) A P - (4)
ro Y [VBAPA(3+Co)¥A(3+2C,) — 292£(3+ 2C,) (3+ Cy) + G2E(3+V2C)?]

Co=exd—2q(v2—1)], Cy=exgd—p(v2—1)], (5) that the absolute value of the local surface mismatch is a
q ' P ’ i i i i
) . ) B s o decreasing function of both ratios. The black dots of this
where the quantitysr is defined asor=r;—rg. SinceCq  figure represent the values for elements quoted in Table I.

<1 andC, <1, The parameters of the TB-SMA potentials used in this cal-
culation are given in Table |I. Two observations can be
i 3Ap—éq ©) pointed out. The first one is the large variation of the local

ST 3Ap°—£g°° surface mismatch for the considered elements, fral®o for

Rh to —2.75% for Au. The second one is related to the pair
From Eq.(6), one notes that the surface mismatch de-of ratios (p/q,3A/¢): there are two ways to obtain a large
pends both on th@/q and 3A/¢ ratios. Figure 1 displays a surface mismatch. Either one has a small/8 ratio or a
contour plot of the variations of the local surface mismatchsmallp/qg one. In the first case, however, as for Rh and Ir, the
as a function ofp/g and 3A/¢. The most striking point is  effect of a small 2/¢ is counterbalanced by a larg¥q,
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TABLE |. Parameters of the modéRef. 44. * Effective lattice constant of the surface from the Dodson
model (Ref. 37.

Element A@EY) p &V a0l r§A)  ms)  mPT%)
Rh 0.094 14.92 1.916 2.380 2.69 2.662 -—-1.05 -
Ir 0.124 15.98 2.376 2.760 2.71 2.681 —1.07 -
Cu 0.089 10.55 1.280 2.430 2.56 2513 —-1.84 -
Ag 0.103 10.85 1.189 3.180 2.89 2.831 —-2.05 -
Pd 0.171 10.90 1.713 3.720 2.75 2.688 —2.27 -
Pt 0.295 10.47 2.693 3.935 2.77 2.709 —-2.53 -3.8
Au 0.210 10.145 1.818 4.03 2.88 2.807 —2.74 —4.3

inducing a small surface mismatch. Conversely, the elements The evolution of thep/q ratio for the different metals,
with a largep/q ratio (Au and Pt, for examplehave a large leading to smallest values for Pt, and Au, has two origins
surface mismatch, althoughA3¢ is large. This means that which are well translated by the TB-SMA model. The first is
the variation of the local surface mismatch is mainly gov-related to the Thomas-Fermi screening lerigth which de-
erned by thep/q ratio. scribes the range of the strong electronic forces responsible
of the cohesion of metal$; varies asZ ™6, whereZ is the
1. Influence of the relative range of the attractive and repulsive atomic numbef® This means that, when moving from a 3
parts of the interatomic potential series to a B series, there is a decreasel gf,*® inducing a

decrease of the range of the attractive part of the interatomic

IT _he P/q tratflothchgrftctetrlze_s thet retlgtllve_tLange of ttftle tﬁ’potential. In the framework of the TB-SMA model, this in-
pulsive part of the interatomic potential with respect 1o they, o5 an increase of thep parameter, as demonstrated by
attractive one: the smaller this ratio, the larger the range o

: . . panjaard and Desjonges?’ Such an explanation is in
the_ re_:pulswe part with re:\spect to the attrqctlve one. Theagreement with the one proposed in Ref. 48, which attribute
variation of the surface mismatch as a functionpdf| [Eq.

()] is given in Fig. 2 for the metals listed in Table . the origin of the reconstruction of thedimetals to the strong

Wi that the | ¢ ‘ ) tch is obtained f relativistic effects in these atoms. Indeed, due to the en-
¢ see that the largest surface mismaich 1S obtaine anced concentration of relativistic electrons near the

the smallesip/q ratio. This effect can be easily understood nucleus®® the screening length is reduced when the relativ-
from the scheme described in Fig. 3, which depicts in a Simistic eﬁécts are strontf
plified way the weight of both r_epulsive and attractive parts The second origin of the evolution pfq is related to the
for two values ofp/q. The creation of a surface results ina y o4 filjing. Equation2) gives only thend-band bonding
loss of a part of both attractive and repulsive interactions. Irb

th f / tio [Fig. 3a)], th q | ontribution to the cohesive energy, which increases as the
1€ case of a smaf/q ratio [Fig. ; a)], the rémoved repul- —iniaratomic separation decreases. The stability of the lattice
sive part is larger than the attractive one, which means that

a surface the weight of the attractive part with respect to thfi‘lE ensured by the counterbalancing repulsive padg. (3)]

repulsive one is larger than in the bulk. Therefore, there is Which is partly provided by the compression of the free-

Blectron gas, i.e.,n+1)s electron$? The radial extension
contraction of the surface lattice parameter. The contraction gas, USE)

is weaker in the case of a largefq ratio since, in this case, Small p/q Larger p/q
the difference between the removed repulsive part and the Localized attractive interaction  Extended attractive interaction
attractive one is smalldiFig. 3(b)]. . N ‘ L N T L
& T ]
[
-1 T T T T T 5= B T i
Q
12f Rh E T ]
< C T ]
14 b - Sq + N _
: — : T
Lo T i e [ T ]
L | g [ I i
s 18 o L Sp>>8 1T Sp=8; I
£ 2r 4 ] - + B
~ a - — —
22 No (111) reconstruction . 2 C \ 1 \ ]
2.4 B C | Sp ! 1 | Sp | ]
26 1 N U
Distance Distance
-28 1 I 1 1 1 1 1
2.5 3 35 4 45 5 5.5 6 6.5 o )
p/q FIG. 3. Schematic view of the range of both the attractive and

repulsive parts of the interatomic potential vs the distance from the
FIG. 2. Evolution of the expected surface mismatch vsghg  center of the atom in the case of a sm@ly ratio (a) and a larger
ratio. one (b).
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influencing the surface mismatch in the metals considered in
Table | is the relative range of the repulsive part of the po-
tential with respect of the attractive one, the strength of the
repulsive and attractive parts of the potential having nearly
no influence.

=
A®,
o
0a 4
ddy j0 Surseards(]
Suiseorout b

B. Unidirectional compression of the surface:
\j 22X /3 stripe domain structure

. One of the most striking consequence of the surface mis-
d band filling match is the existence of a stress relief mechanism at the
p decreasing surface of pure metals. From an experimental point of view,
o . _ » the stress relief mechanisms at ttid1) surface can be di-
FIG. 4. Variation of the surface mismatch with the position of vided in two classesFig. 2: (i) Pseudomorphy, when the
the elemer_lt in the Periodic Tabl_e. The gray scale corresponds t_o t%rface atoms are in registry with the underlying lattice: this
surface m'lsmatt;h values of Fig. 2, ahg's the Thomas-Fermi s v ,e for elements having a small surface mismatch such as
screening length. Ag, Pd, Cu, Ir, and Rh(ii) The formation of discommensu-
ration lines in the surface layer for elements having a large
of the (n+1)s electrons is larger than that of tinel ones. It surface mismatch such as ®Refs. 2—4 and Au?#°2-°¢|n
means that the more filled thed band is, the weaker the the case of gold, the local lattice surface parametergis
nuclear charge sensed by the+(1)s electrons, inducing a =2.807 A. In the bulk, the surface occupied by one atom in
spatial extent of the electronic density associated with they (111) plane isS,on= (f3/2)r§. This means that for a sur-
(n+1)s electrons. This effect is expressed in an increase oface with a local surface lattice parametg, there areN,
the range of the repulsive part of the interatomic potentl_alz(ro/rg)szb atoms in the surface plane, witN, the
when going from the left to the right of the table presented in,, ,\per of atoms in a bulkl1l) plane. This corresponds to

Fig. 4, meaning a decrease of theparameter in the frame- 5, increase of about 5% in the number of surface atoms with

work of the TB-SMA model. The combination of these tWo regnect to the bulk ones. However, for gold, the compression
effects gives the smaller value of tipéq ratio for elements ¢ the syrface layer is anisotropic, since a compression of

of the right lower part of Fig. 4, inducing the largest surfaceabout 4.5% is observed experimentitalong the(lTO)

mismatch for Au and Pt. -

direction, while the atoms along tRé12) direction stay in
registry with the underlying bulk plane. Such an anisotropy
cannot be explained by means of the surface stress, almce
initio calculations performed on Ir have shown that the sur-
The ratio 3A/ ¢ characterizes the strength of the repulsiveface stress is the same along tW&T@ and <11§>

part of the interatomic potential with respect to the attraCtivedirections57 These results are easily transposable to the un-
one. From a mathematical point of view, the smaller the :

. ; o econstructed 11) surface. Actually, because the sub-
3A/¢ ratio, the larger the surface mismatch. The variation 01‘r ALY 4

i o e strate potential is significant, the accommodation between
the surface mismatch versu& [Eq. (4)]is givenin Fig. 5 e gyrface layer and the bulk takes place through the intro-
for the same metals as in Fig. 2. Unlike th&y dependence,

duction of dislocations. The orientation of these dislocations

the evolution of the surface mismatch for pure metals doe jetermined by the glissile directions. Following Franck’s
not follow the mathematical evolution of the surface mis- yigiocation energy criterioff the stablest dislocation is

match with respect to&/¢. This means that the main factor given py the smallest norm of the Burgers vector. In the fcc
lattice on a(111) plane, the smallest Burgers vector for a

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

NS T perfect dislocation i$ 11 10,= (1/2X110). Then the over-
121 1 close packing of the surface Wﬂ be obtained by sliding a part
lar 1 of the surface plane along tij& 10) direction, and by insert-
L6 ] ing a new atomic row along thl 21) directions. Neverthe-

< 8¢ Cu 1 less, there is a low-energy stacking fault in #id1) plane

g 2k Ag q for displacement 015(1,6)<1§1>=(1/6)(121). This allows a
ook Pd i dissociation of the perfect dislocations into two imperfect
al Pt | dislocations with partial Burgers vectors. For instarite,
281 Au - 1(110)=1(121)+ £(211). @)

-2.8
014 016 048 02 022 024 026 028 03 032 034 0.36 From a structural point of view, the gliding of the half-
34/ surface plane along th€110) direction involves a larger

FIG. 5. Evolution of the expected surface mismatch vs taggz ~ dilatation, and hence a larger misfit energy than a motion
ratio. along the(121) direction.
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Application of the Frank energy criterion shows thus that (a)
the elastic strain energy is reduced by the dissociation of the [112] 0,
perfect dislocation into partial ones.

2a?
2 _2op? 4P [110]

b(1/2)<110> (we(121) " Peiny T 3 (8)

wherea is the nearest neighbor distance.

Such a decomposition reduces the global dilation of the
surface layers by decreasing the in-plane interatomic dis-
tances in the core of the dislocation, while keeping the reg- (b)
istry of the surface atoms with the bulk lattice. The imperfect 7
dislocations obtained are known as Shockley partial disloca-  _;s g’ﬁg%ﬁ 7

S

tions. From a structural point of view, a Shockley partial - /Zf/{gﬁ s,

) o : : ’ 110> g
dislocation induces a stacking shift of the surface layer from . i‘fgi @%ﬁ% 5?64/
fcc to hep. The transition area is known as a discommensu ,f{%{{%%j%f{?ﬁﬁ%féi e?f«f’i?f?”’:
ration line. Moreover, because decompositi@ involves <113> SRR R AR AN

] A

r

'y
02:0
Sag
ot

two different Shockley partial dislocations, a pairwise ar-
rangement of discommensuration lines exists, the first dis-
commensuration line being related to the=fgucp transition
while the second one is related to the hdpc transition.
Such a pairwise arrangement of discommensuration lines
was observed in both homoepitaxial systdis(111) (Refs.
24, 55, and 5pand P{111) (Refs. 2—4], and heteroepitaxial
ones[Ag/Pt(111) (Ref. 60 and Cu/R@0001) (Ref. 61]. Be-
cause of the Franck energy criterion, only one direction of I1l. LOCAL ANALYSIS
the Burgers vector among the three possible is expected, and  OF THE Au (111)-RECONSTRUCTED SURFACE
hence the whole excess of surface atoms is distributed along o o

A semi-infinite Au crystal is simulated by means of a

1 1( I 1 1 I 0, -
a single(110) direction. This explains the 4.5% compres finite box subject to periodic boundary conditions along di-

sion along the(110) direction, which is in agreement with rrections parallel to the surfac(élTO) and (112)). As we

the 5% of excess surface atoms calculated from the loca : . .
work in the microcanonical ensemble, the number of par-

surface lattice parameter, while the local surface mismatch 12 clesN in each finite box is fixed. This sets a problem for the
only 2.5%. : .
study of reconstructed surfaces, since reconstruction often

implies surface density changes, as mentioned earlier. In real
systems extra atoms can be added or removed because res-
ervoirs are present in the form of steps, kinks, or other
defects?>%6 Such defects are not present in our cell, and the

From now on, we restrict our study to the Ad1) sur-  only escape is to adjust the value of the surface atoms num-
face. A consequence of the stress relief along only(dri®) ber Ng. The choice of the initial structure is based on the
direction is to increase the stress along the other(0)  experimental observations of the @d1) surface’* %%
directions. Then, because of this threefold orientational de- Thus the first stage consists of proceeding to an overclose
generacy, the stripe domain reconstruction is unstable fopacking of the surface along the dense directidd0) that
large area82®3The best compromise is then the formation ofis, distributing 23 surface atoms uniformly on 22 bulk atoms.
three types of stripe domain reconstructions, each of thenh the perpendicula¢112) direction, the atoms are in regis-
associated with one of the three equivalghtO) directions. try with the bulk. Such a numerical overclose packing is
They are separated by a second type of discommensurati@yuivalent to an experimental one resulting from an external
line. From a fundamental point of view, this effect is similar source such as temperatdré®®’ supersaturation vapdror
to the one which induces the stripe domain reconstructioion bombardmerit. The second stage consists of duplicating
22xv3. The intersection between the discommensuratiorthe structure described in Sec. IlI[Ehe A structure in Fig.
lines of the stripe domain reconstruction and the discommen6(a)], and rotating it along thél11) direction by 1209the B
suration lines associated with the stripe domain reconstrucstructure in Fig. 6)]. The two structures are then translated
tion degeneracy induce the formation of kinks. The kinks arén order to superimpose th@,; and O, points. In this way,
themselves ordered, and produce a structure in which two dhe bulk lattice of both structures coincide. Only the atoms at
three possible rotational equivalent domains of the stripe dox;10,=0 for structureB and atoms ax;10y<0 for structure
main structure alternate periodically across the surface formA are kept. Much attention is required in order to avoid a
ing the well-known zigzag pattefd:®* large overlap between the surface atoms. The final initial

“8
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FIG. 6. (a) Scheme of the initial structure building. The black
arrow gives the over-close-packing directigh) Initial unrelaxed
supercell.

C. A high-symmetry surface:
The Au(111) herringbone structure
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FIG. 8. In-plane nearest-neighbor distances.

) The strong structural inhomogeneity of the reconstructed
~ FIG. 7. Part of a 325.4469.84-A° relaxed supercell. Only the g rface is the most remarkable point. Several regions can be
first plan is represented. The scale anng(tt@ dlrectlon(surfa_ce observed, as shown in Fig. 8, which displays a map of the
norma) has been expanded by a factor 4 in order to amplify theno 2 atomic in-plane nearest neighbor distances. Figure 9
corrugation. See the text. displays the corresponding distribution. In type-1 regions,
. . . . the surface atoms are nearly in registry with the bulk lattice
strycture[Flg. 6b)] IS obtained by.cutt'mg up a rectangular (2.86 A). This means that in i/hese rgegioyns the surface lattice
unl_}_ﬁupelrcel[t_he white (;ecta_ngle ”f] F'g'gﬁ)t])' : ina th keeps the fcc stacking imposed by the bulk lattice. These
e uatieorne;x;tg:ir:)rggoce ure Is performed by integrating t eregions represent about 45% of the surface. Type-2 regions
q ’ are characterized by a misfit of about 2082 A). This
. dv; latter value is close to the Alill) surface misfitf(Sec. 11 A).
Fi=miW, (99 Although this surface lattice constant deviates from the un-
derlying bulk value, because of the small spatial expansion
wherewv;(t) is the velocity at timg of an atom at sité with of these regions, the stacking is close to a hcp one with
massm, , andF;(t) is the force acting on this atom. We use respect to the bulk. These regions account for about 25% of
the Verlet algorithrf® for the time integration algorithm. A the surface.

quenching procedure which consists of cancelingvhen A relative misfit of about 5.5% is observed in regions of
the productF;(t)v;(t) becomes negative has been applied.types A and B, where the mean atomic in-plane nearest-
The force on the atom at sites obtained from neighbor distances are 2.80 A in the center of the discom-
mensuration and 2.78 A on the edge. Regions of typaad
E__ ditot (10) B correspond to discommensuration lines, i.e., incommensu-
T rate phases. They extend on four atomic sites along the
with (110) direction at the junction between the fcc and hcp ar-
eas, and occupy 30% of the surface. Because of the threefold
. orientational degeneracy, two orientations of the discommen-
Fiot= Z EF, (1)  suration lines are present on the surface, making an angle of
whereE>™ is the energy of this atom, given by E@). 450 , , , ,
Figure 7 represents a topographic view of a part of a | DL Edge
325.44x 69.84- A2 relaxed supercell. The slab consists of 15 DL Center FCC

(111 bulk planes with one unreconstructétill) surface  **°[

plane at the bottom of the slab, and one overclose-packeé®
(111) surface plane. Only this latter is represented. Bulk 2so
planes contain 3164 atoms and the reconstructed one cor,,
tains 3317 atoms, which is equivalent to an average over-

close packing of 4.8%. The total number of atoms in the slab™' [
is 47613. The scale along tH&11) direction (surface nor-  10F
mal) has been dilated by a factor 4 in order to amplify the sof

. K X Dislocation
atomic corrugation. The corrugation around the average po- . ! !
sition of the atoms in this plane is 0.332 A. In comparison, 26 27 275 28 285 29

In—plane mean distance (A)

the corrugation of the unreconstructed surface is only 0.05 A.
The calculated corrugation is slightly larger than the experi- FIG. 9. Distribution of the mean atomic in-plane nearest-
mental ong0.20+ 0.05 A (Ref. 24)]. neighbor distances. DL is the discommensuration line.
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120°. The B discommensuration lines join themselves to
form a single continuous partial dislocation between the first
and second layers. Thé& discommensuration lines join ~
themselves through the introduction of an extra atomic row.”
This description is in agreement with the proposed atomic'
structure of Ref. 28. In the core of the dislocation, at the v
junction between thé\ discommensuration line, the mean
atomic in-plane nearest-neighbor distance is 2.68 A.

The sites of the discommensuration lines have an energ)
182 meV higher than the energy of the fcc sites. Moreover, | : T - L
the fcc sites are more stable than the hcp ones, since a di -0.0 81,3 1627 2441 325.4

(reqy) amssaid oneIsoIpAHq

-16.9

ference of 2 meV is calculated. This latter value is coherent <170> (A)
with that given by Takeuchi, Chan, and Hb.3 me\j, ob-
tained from first-principle calculatiorf§. FIG. 10. Distribution of the pressure undergone by the surface

It is worth noting that the calculated surface energy of theatoms.
herringbone superstructure is slightly higher than the one of

the unreconstructed surfacee=0.25€V/atom andyec  cerning the adsorption on gold reconstructed surface. From
=0.26 eV/atom. Therefore, the reconstruction enefgy.  an experimental point of view, it has been reported that some
defined as the differenc@ec— yunrec is slightly positive. In - elements such as G82° Fe?’ Ni,?®?° Rh3%3! or Cu (Ref.

this way we have built a substrate less stable than the unrg2) nucleate preferentially at the kinks while some others
constructed one because, within our model, it corresponds t§uch as AuRef. 74 or Ag (Ref. 79 seem insensitive to the

a local stable minimum instead of an absolute one. At leasfeconstruction. Such a behavior can be explained from
the relative site energies of the surface between fcc and héfxomic size considerations. In the vicinity of the kink, the
sites are well reproduced as well as the topographic corrugarearest-neighbor distances are small in order to accommo-
tion. Nevertheless, the correct geometry of the reconstructiogate the twoA discommensuration lines but at the same time
is obtained, provided the relative interaction between the afit induces a large hydrostatic pressure. Adsorption, and pos-
oms in the surface plane and the interaction between thgiply incorporation, of atoms smaller than gold, as for ex-
atoms of the surface and the underlying plane are well deample, cobalt, allow the system to decrease the local hydro-
scribed. In addition, we never observe any ejection of atomstatic pressure by decreasing the equilibrium distance in the
from the overfilled surface into adatom positions during thekink region, since the equilibrium distance for a Co-Au bond
simulations, even upon numerical annealings of the structurgs smaller than the Au-Au one. The addition of a bigger atom

Actually, the most important point is that the Au surfacewould not play in favor of a decreasing pressure in this re-
remains reconstructed during all the simulations, which givegjion (see Fig. 10

a good degree of confidence of our model.
The stress distribution at the gold surface is given in Fig.
10 which displays a map of the local hydrostatic pressure IV. CONCLUSION

which is defined af=0 K (Refs. 71-7Bby In the present work, the behavior of the (ttl) surface

of some metals is studied in the framework of a tight-binding

dE 1 second-moment-approximation model. The concedocdl
Pi==ginv_ §Tr[a, (12) gurface mismatclis introduced. Such a concept allows one

to obtain the local tendency of the surface lattice parameter
whereV is the atomic volume and@ is the surface stress while taking into account the bonds of the surface atoms
tensor. The sign of the stress is given by the signPpf  with the bulk ones. It is shown that the local surface lattice
positive for compression and negative for tension. Only thgparameter depends on the relative range of the repulsive part
fcc sites are under tension, as in the case of the unrecowf the potential with respect to the attractive one: the smaller
structed surfacénegative pressure, not showihis is be- the latter, the greater the local surface lattice mismatch. Con-
cause these atoms are at the bulk equilibrium distances. Iversely, the relative strength of the repulsive part of the po-
deed, because of the reduced number of chemical bonds tntial with respect to the attractive one has no influence.
the surface, they have a lack of electronic density and hence The consequences of the different strains at surface and in
they try to get closer to each other. The pressure in the hcihe bulk have been then studied by means of a tight-binding
region is nearly zero, because the distances in this region arpienched-molecular-dynamics study of the herringbone re-
close to the surface equilibrium one. The atoms of the diseonstruction of A@l11). The most striking point is the great
commensuration lines are under compression, with a maxinhomogeneity of the mean atomic in-plane nearest-neighbor
mal value at the kink position. This results from the necessitydistances, since a variation from 2.68 to 2.85 A is obtained.
for the system to accommodate two different regi¢ftc A similar inhomogeneity is observed for the hydrostatic pres-
and hcp on the surface: locally the situation is unfavorable,sure. The fcc sites of the reconstruction are under tension, as
but this contributes to a favorable situation for the wholein the unreconstructed situation. The hydrostatic pressure is
system. Such a surface inhomogeneity of the local hydronearly zero in the hcp region. In the discommensuration lines
static pressure allows us to put forward some hypothesis corthe atoms are under compression. The compression in the
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kink region is the most important with a value three times The surface lattice mismatch is calculated for an isotropic
larger than in the discommensuration lines. This high comstrain. It means that relations exist betweery, and z x
pression is probably at the origin of the preferential nucle-=r, y=v3/2r, and z=v2/3r, where r is the nearest-
ation effect of Co, Fe, Ni, Rh, and Cu deposited on aneighbor distance. Thug=r,=rs;=r,=r (nine atomgand
herringbone-reconstructed Aill) surface. More details rg;=rg=v2r (three atoms From the Eqgs(1), (2), and(3),
about these phenomena will be discussed in a subsequethie total energy is given by

paper. Adsorption and incorporation on such surfaces is also

an issue to investigate. Indeed, in a recent study of the C% _ _ r
adsorption onto a 22v3 reconstructed Ai111) surface, we o= ~ 619 exp —2q % 1

have reported the existence of an unexpected adsorption site

located on the low-coordinated bridge site on top of the de- Var 172
fect lines’® Because of the strong structural inhomogeneity +3 EXI{ —ZQ<—B— 1)” +A
) ; ! ; , r

in the kink region, such unexpected adsorption sites could 0

also be present, and hence have a strong influence on the

preferential nucleation phenomena. Finally, the concept of +3 ex;{—p
local surface mismatch should be transposed to heteroepi-

taxial systems. It should allow a better prediction of the lat-
tice misfit, which is commonly calculated from the bulk lat-

S

el
1|l (A7)
o

With the minimization condition

tice parameter of the adsorbate. dE
W = 0, (A8)
ACKNOWLEDGMENTS one obtains
We are grateful to F. Scheurer and J.-P. Deville for helpful St Sr
discussions. Kl 3 ex;{ ~p-s +V2C, exr{ _‘/jpr_B”
0 0
APPENDIX or or
=|3 exp( —2q-g|+Vv2C, exp< —2f2q—5”
The appendix gives the expression of the surface mis- fo fo
match ms. These expressions are obtained by con- s —1/
sidering interactions extended up to the next-nearest neigh- x| 3 exp{ —2q—; +C exp{ —2v2q _;H
bors: 12 nearest neighbof§x,0,0), x/2,y,0), (—x/2y,0), o a o ’

(—x,0,0), (—=x/2,—vy,0), (x/2,—Yy,0), (0,2/3,—2), (—x/2,

—vy/3,—-2), (x/2,—yl3,—z)] and three next-nearest neigh- (A9)
bors[(x,2y/3,—z), (—X,2y/3,—2), (0,—4y/3,—2)], wherex  ith

is along thg(110) direction,y along the(112) direction, and

z along the(111) direction. Six interatomic distances can be Cq=exd —2q(v2—1)] (A10)
then distinguished:

Cpo=exg —p(v2—1)], (A11)
1
= _/x? 2 or r
Four atoms atr, 5 VX +4y°, (A1) a_Tr (AL2)
o To
Two atoms atr,=x, (A2) V3Ap
K= ——. (A13)
aé
1 . '
One atom atrz== \4y’+ +97°, (A3)  Becausesr/r3~0.01, one can expand the exponential to first
s order inadr/r§ (a=—p, —v2p, —2q, or —2v2q):
1 or
Two atoms atr,=¢ VOxZ+4y?+ 3622,  (A4) K3+Cq| (3+v2C;)—p(3+2Cy) -5
0

or
(3+f20q) —2q(3+2Cy) r—B)
0

1
Two atoms atrs=z VIX2+4y2+ 97, (A5)

X1

V2 S —-1/2
SARCA —r) (A14)

~97Grcy 1B

1
One atom atrg=z V16y?+ 972, (AB) Since
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2 (3+v2Cy < (A15)
_—
9Ercy ~T
(3+V2Cy) or| 2 (3+V2C,) or
<1 RERIoN r%) ( RERIeN) rg)’ (A16)
and
or or (3+v2C,) or
K\/3+Cq (3+\/§Cp) - p(3+ 2Cp) E) = (3+1/§Cq)— 2C](3+2Cq) E) ( 1+q W E . (Al?)
To first order inér/r5,
o r 34C V3Apy3+Cy(3+v2C,) —qé(3+v2Cy) (A18)
S ( W [V3AP?(3+Cy)¥A(3+2C,) — 2q2£(3+2C)(3+Cy) +q%£(3+V2C)?]
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