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Binding and migration paths of Au adatoms on the GaA$001) surface
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The binding and the migration paths of an isolated Au adatom on the GaAs @®1)x 4) reconstructed
surface have been investigated by first-principle total-energy calculations in the Car-Parrinello scheme. The
potential energy surface calculated for the Au adatom shows that the most interesting Au binding sites are
located at short-bridge sites next the As-As dimers of the surface. Similar binding sites were found for Ga
adatoms on the same surface. However, the Au chemical bindidiffésentfrom that of Ga. A Ga adatom
forms strong covalent Ga-As bonds withmarked ionic charactewhen interacting with the As dimers, while
the Au-dimer interaction is characterized by the formation of weakes covalenfAu-As bonds. Accordingly,
Au adatoms do not break the As-As dimers at variance with the case of Ga adatoms. The characteristics of the
Au binding also account for an anisotropic Au migration that results to be faster along the dimer rows than
perpendicular to them.
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. INTRODUCTION range of growth condition¥!! This (2x4) surface struc-
ture is characterized by two As-As dimers and two missing
The main factors in the degradation of semiconductor dedimers, see Fig. (). More specifically, on thetop (first)
vices are the degradation of metal-semiconductor interfacdgyer, pairs of As-As dimers form dimer rows in tfi&10)
as well as metal films on the semiconductor surfacésen-  directions separated by “channels” formed by two missing
erally, metallization schemes involve structures formed byows of As atoms and by one missing row of Ga atoms on
different metals, e.g., Ni/Au/Te, on the semiconductor. Thethe secondlayer. Rows of As-As dimers are formed in the
atoms of each metallic species may give rise to degradatioffiddle of these channels by the As atoms of thied layer
processes like exchange with the atoms of the semiconduct&f the substrate. Further channels perpendicular to the As-As
as well as lateral diffusion on the semiconductor surface.dimer rows[i.e., in the (1L0) directior] separate the As-As
The quality of the metal contacts is also related to the mordimers of the top layer. The chemical binding and the migra-
phology of the metal films that is fixed by the first steps oftion paths of an Au adatom on the GdBB8l1)-B2(2x4)
the metal deposition. Thus, several technological problemsurface have been carefully investigated here by performing
concerning the realization of well-defined metal- Car-Parrinelld®3 (CP) total-energy calculations. More spe-
semiconductor interfaces or the degradation of metallic coneifically, the adatom-surface interaction has been investi-
tacts are closely related to the interaction of single metal

adatoms with a semiconductor surface. Metal adsorption on (a) D2 C2 C1 C4 (b) ‘\
semiconductor surfaces is also of interest from a fundamental b33 34(V) ¢ g@ :
point of view because the deposition of fractions of a metal- hY, \'@ W‘ }(
lic monolayer may have significant effects on the surface © f‘ V‘ x &
structure at a microscopic levet. Gold is used in different c )/

metallization schemes. Several experimental studies have ’ V* ﬁﬁl‘“

shown that Au atoms have a different behavior when inter-  ©6 | \@ > \

acting with Si or GaAs surfaces. Si-Au alloys are formed at (g i v‘ \*“

low temperature(80°C) in the case of the Au/801) L - P! b ' w i \,
system® On the other hand, in the case of Au/G#@G1), a ol v&?‘r e
well-defined Au/GaAs interface is observed at low tempera- b

ture that becomes rough at 400°C due to interdiffusion FIG. 1. (a) Stick and ball model of the GaAs (001J2(2x 4)
processe%.Moreover, Au ato_ms seem involved in degr_aqa'surface(top view). The As and Ga atoms are represented by black
tion processes qf mgtal-semlconc_iuctor contacts that originatg, 4 gray spheres, respectively. The size of the spheres decreases
from a lateral migration of metallic atorﬁsAI! these results \ynen going from the top layer to the fourth layer. Different sites for
have motivated the present study, which is focused on thgn Ay adatom on the surface are shown in the figure tnd C
investigation of the chemical binding and the migration pathgetters identify sites close to the As dimers and located in the “chan-
of an Au adatom on the Ga#B801)-52(2x4) surface. The nels” of the surface, respectivelyb) Perspective view of the po-
B2(2x4) reconstruction model of the Ga®91) surface tential energy surfacdPES for an Au adatom on the GaAs
has been considered here because it is stable at equilfltium(001)-82(2x4) surface. The figure also shows the positions of
and seems to be the dominating surface structure over a wid®me As-As dimers on the surface.
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TABLE |. Total energiegelectron volt3 calculated for an Au adatom located at various surface sites on
the GaAs (001)82(2x 4) surfacesee Fig. 1a)].

Site Dy D, Ds D, Digp D2 Ci C, Cs Cy Cs Cs
Energy 042 0.78 375 380 0.00 0.57 161 208 283 252 137 1.62

gated by estimating the adiabatic potential experienced by afhe nature of the Au binding favors the existence of different
isolated Au adatom interacting with the surface. A good apiocal minima on the PES and of different migration paths for
proximation of this potential can be achieved by using thethe lateral diffusion of the Au atoms. An analysis of the
scheme outlined in previous theoretical stud&s8An ada-  energy barriers for the Au migration paths has shown two
tom is placed above the reconstructed surface inxthe  different activation energies for the Au diffusion along direc-
plane. It is kept fixed at a givefx,y) position, while all the tions parallel or perpendicular to the As-As dimer rows. This
substrate atoms and tlzecoordinate of the adatom are fully indicates the existence ofdiffusional anisotropyhat should
relaxed by following the atomic forces and by minimizing be observed by STM experiments and of interest for the
the total energy of the system. The relaxation procedure itechnology of the Au-based contacts.
repeated for al(x,y) positions of a regular grid, thus provid-
ing a mapping of the potential energy surfag,y) (PES. Il. METHODS
In some(x,y) locations, the relaxation procedure has been
repeated by starting with atomic geometries where the As-As In the Car-Parrinello method, the interatomic forces are
dimer close to the Au atom is broken. This procedure shoul¢omputed from the instantaneous quantum-mechanical elec-
reveal the existence of deeper energy minima related tronic ground state in the Born-Oppenheimer approximation.
strong adatom-dimers interactions. Broken dir(@D) con-  The electronic ground state corresponding to a given atomic
figurations were found to play an important role in the casegeometry is obtained within the density-functional theory
of Ga adatoms on the same G#B8D-B2(2x4) (DFT).2%? The exchange-correlation functional used in the
surfacet®'” The Au binding sites and the energy barrierscalculations includes gradient correctioi®C) to the local-
opposing the adatom diffusion have been identified by thelensity approximatiorflLDA)**?*in the form proposed by
local minima and the saddle points of the PES estimated foBecke and Perdef:*> Only the valence electrons are taken
the Au adatom, respectively. The geometry and the total eninto account while the atomic inner cores are frozen. In the
ergy corresponding to the stable Au sites have been thegase of the Au atom, the interaction between the valence
refined byfully relaxingthe geometry of the Au-surface sys- electrons and the frozen cores is described by soft first-
tem. In correspondence with the most interesting sites of thgrinciple pseudopotentiafS.For Ga and As, we have used
adatoms, the Au chemical binding has been investigated bgorm-conserving pseudopotentidisThe adatom-substrate
analyzing the local geometry and the distribution of (ha-  system is modeled by supercell geometries with & 44
lence electron charge density. In particular, two-dimensionalperiodicity parallel to the surface. This periodicity has been
(2D) contour plots of the electronic charge density have beettested to be sufficiently large to have negligible adatom-
analyzed together with 3@ifference density mapbat per- adatom interactions. Two different supercells have been used
mit to reveal even small displacements of the electronidor the calculations that contain four and six layers of GaAs,
charge induced by bonding interactions between the interactespectively, plus an additional layer of H atoms that saturate
ing atoms. the bonds of the lower surface. These supercells also contain
Present results have revealed interesting characteristics afvacuum of six layers of GaAs perpendicular to {081
the Au-surface interaction that results to be quite differensurface. The four-layer supercell has been used for the cal-
from the Ga-surface interaction. More specifically, in theculation of the PES on a grid with a spacinfIoA aswell
case of the Ga adatom, the interaction of the Ga atom witlas for refinements on a grid of 0.5 A. The refinements were
the surface gives rise to two PES characterized by the pregerformed for the local minima and maxima identified by
ence and the absence of broken As-As dimers, respectivelinterpolating the former grid. In these calculations all the
On the other hand, only one PES may describe the intera@toms of the substrate have been allowed to relax, but for the
tion of an Au adatom with the GaAs surface, which is char-H atoms that are arranged in order to simulate a bulk-
acterized by the absence of broken As-As dimers. This inditerminated configuration. Then, a geometry optimization
cates that isolated Au adatond® not modify the surface with no constraints on the Au adatom has been performed for
reconstructionin agreement with the results of a recent STM the most important local minima. The most interesting sites
(scanning tunneling microscopinvestigation of depositions (e.g., the sites of Table land a small sample of othéx,y)
of fractions of a monolayer of gold on the reconstructedlocations chosen by taking into account the symmetry of the
GaAg001) surfacé® as well as with the absence of interdif- surface have been then investigated by using a larger super-
fusion processes at low temperatufes., below 400°Q.’  cell of six layers of GaAs plus an additional layer of H satu-
The different behavior of the Ga and Au adatoms can beators. In these calculations, only the four layers of the sub-
related to their different chemical bonding with the As atomsstrate close to the surface were allowed to relax. The
of the surface dimers. Ga atoms give rise to strong covalertalculations performed with the larger supercells have con-
Ga-As bonds characterized by a marked ionic character. Theerned both a mapping on the finer grid around the above
Au adatoms give rise instead to weakeire covalent bonds. selected sites and geometry optimizations without any con-
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straint on the minimum energy sites. The changes of thshows a map of the PES calculated for the isolated Au ada-
(relative) energy values on the PES due to the use of theom interacting with the surface together with the positions
six-layer supercells with respect to the four-layer supercell®f some As-As dimers on the top and third layers. The PES
are within 0.1 eV. Further checks have been performed withopology is similar to that of the reconstructed GaAs surface.
a supercell of six layers of GaAs and a layer of pseudohyRegions characterized by two energy maxima separated by a
drogen saturatoré The achieved results are quite similar to deep energy minimum can be recognized around the As-As
those achieved by using the six-layer supercells with H satugimers of the top and third layers. These regions are sepa-
rators, although the use of pseudohydrogen saturators givegieq by “channels” parallel and perpendicular to the direc-
larger effects on the energy minima correspon_di.ng t0 t&on of the dimer rows. In the above regions, the absolute
broken-dimer configurations. These energy minima hav%nergy minimum corresponds to a short-bridge 8ite in

been lowered of about 0.2 eV. Further, the energy barrier:ig 1(a), where the Au adatom forms an As-Au-As complex
evaluated for the broken-dimer configurations have been itﬁ a éimer of the third layer, see the atomic geometry

slightly increased by the presence of pseudo-H saturators. | own in Fig. 2a). A local minimum 0.36 eV higher in en-

summary, the use of six-layer supercells with pseudo-H sat® . .
rators in place of four-layer supercells with H saturators in-S19y has been found at Wi, site, which corresponds to a

duces a lowering of 0.2 eV of the energy minima correspondrc'hort'brldge site for a dimer of the top layer, see Fids) 1

ing to the BD sites and an almost rigid shift of the other Iocalang ga)-_tThe hr']ghe?; eneoy bta”'e_rs f"”efport‘ﬁ t‘t’ mef
energy minima and maxima of the PES corresponding to th nab, sites, where th€ Au adatom IS aimost on the top of an
Au adatom. Even the local geometrisg., bond distances s atom of a dimer. These sites are characterized by a strong
and bond anglesof the As-Au-As compléxes are slightly repulsive interaction between the Au atoms and its nearest

affected by the use of different supercells and saturators. Th%elghborl?g AZ z_;\totr;:. Fuhrther Ilocal mm(;n:ﬁ agd energg ba_lr-
results presented here, have been achieved by using fo rlf’rs areth;):un :jnc eltc annels alrou_n. € (;n:ers. gr In-
layer supercells. Small corrections have been applied to th ance, 1 andC, sites are local minima and th@&; an

Au binding energies by taking into account the results 4sites are saddle point€; andC sites are further local

achieved by using larger supercells. The single-particlé“'nima- The total energy values corresponding to the above

Kohn-Sham wave functions have been expanded on a pIan%}teS are given in Table I. The Au adatom does not break the

wave basis set. As far as the kinetic-energy cutoff is con- S-AS d"_“efs whe_n IOCf_ited at i, or D.2 bin(_jing sites. .
cerned, the cutoffs of 16, 18, and 22 Ry have been tested. Eroken d|mer cqnflgurauons have been mvesuggted by esti-
satisfactory convergence of the results has been achieved 89/3“”9 the b!ndlng energy c_:f an Au adatom with .“Gy)
using a cutoff of 18 Ry. Only thd point is used for the coprdlnates_ fixed above a dimer center as a function of the
k-space integration. The electronic optimization and struc!€!9ht Zg with respect to the same center. In the case of
tural relaxation have been performed using damped secongimers of the third layer, this procedure has fo_und b%th the
order dynamics with electronic-mass preconditioning€N€rgy minimum corresponding to thh site (z4=2.43A)
schemé?® and a further energy minimum 0.42 eV lower in energy and
Difference-density maps have been used here for afloser to the dimer4,=0.74 A). The latter energy minimum

analysis of the chemical bonding of Au and Ga adatom&0responds to a BD configuratioy.gp, see Fig. 48). The
interacting with the surface As dimers. First, a charge-densitfN€rdy minima corresponding to iy, andD, gp sites are
sUMD g is calculated, which is given b9 ¢+ D atom. D surt sgparated by a barrier of 2.13 eV. S|m|larl'y,. in the case of
is the electronic density calculated for a supercell with ngdimers of the top layer, a local energy minimum 0.21 eV
adatoms on the GaAs surface and where the As and Ga d@Wer in energy with respect to that of tfi, site has been
oms are kept fixed at the positions they have in a giverfound for a BD configuration where, is equal to 1.50 A,
Au-surface configuratiorD s the electronic charge den- Sit€ Dosp, see Fig. &). In this case, a barrier of 2.4 eV
sity relative to an isolated Au atom located at the coordinate§eParates the two energy minima. Thus, the absolute energy
corresponding to the same Au-surface configuratioDgf;. ~ Minimum for the Au adatom corresponds to Dg.gp site,

Thus, Dy, represents the electronic density of the Au ada-Which has been assumed as the zero of energy in Table .
tom and the surface when their interaction is “switched off.”  The Au-dimer interaction has been compared with the in-
Then, the charge densiy for the Au-surface system is cal- teraction of Ga adatoms with the As dimers on the surface.

culated. Difference densitie®~ and D™ are given by the Only the case of G_a atoms interacting wit_h t_he dimers of the
negative and positive values of the differerize D, re- top layer WI|| be_ discussed her_e, quite S|m|Ia_r results have
spectively. When the Au-surface interaction is “switched on” P€€n achieved in the case of dimers of the third layer. Here-
and the electronic charge density is rearranged, the abovdter Xz and Xz.gp represent the Ga binding sites corre-
difference has positivenegative values where the electronic SPOnding to theD; and D,.gp Au sites, respectively. The
density increase@ecreases thus permitting a fine descrip- atomic geometry relative to thk, gp site is shown in Fig.

tion of the Au-As interactions. 6(a). In agreement with previous theoretical restfts’ the
X,.gp Site corresponds to an energy minimum 1.1 eV lower
Ill. RESULTS AND DISCUSSION in energy than that relative to the, site. The two minima

are separated by an energy barrier of 0.6 eV. These results

indicate that the adatom-dimer interaction is quite different
The most interesting sites of an Au adatom on the GaAsn the cases of the Ga and Au adatoms. In the case of Ga, the

(001)-B2(2x 4) surface are shown in Fig(d. Figure 1b)  energy gain from th&, to the X, gp configurationg1.1 eV)

A. Au chemical binding
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(a) e (a)

(b)

FIG. 2. The figure shows the geometry and some charge-density FIG. 3. The figure shows the geometry and some charge-density
isosurfaces for an Au adatom located at the Biteof Fig. 1(a). (a) isosurfaces for an Au adatom located at the Bijein Fig. 1(a). (a)
Atomic geometry, the As and Ga atoms are represented by blacktomic geometry, the As and Ga atoms are represented by black
and gray spheres, respectively. The Au adatom is represented by thad gray spheres, respectively. The Au adatom is represented by the
biggest gray sphere, the H atoms by the smallest sphimeSotal biggest gray sphere, the H atoms by the smallest sphime¥otal
valence charge density, the isosurface corresponds to an electrenlence charge density, the isosurface corresponds to an electron
density of 0.03%/a.u®; (c) D~ density(see the teyf the isosur-  density of 0.03%/a.u’; (c) D~ density(see the tejt the isosur-
face corresponds to an electron density of 0.e18.u®; (d) D* face corresponds to an electron density of 0.e18.u; (d) D*
density (see the tejf the isosurface corresponds to an electrondensity (see the tejt the isosurface corresponds to an electron
density of 0.010e/a.u® density of 0.010e/a.u’
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o, (a)

(b)

()
(d)
FIG. 4. The figure shows the geometry and some charge-density FIG. 5. The figure shows the geometry and some charge-density
isosurfaces for an Au adatom located at the Biigsp in Fig. 1(a). isosurfaces for an Au adatom located at the Biggsp in Fig. 1(a).
(a) Atomic geometry, the As and Ga atoms are represented by blacla) Atomic geometry, the As and Ga atoms are represented by black
and gray spheres, respectively. The Au adatom is represented by thad gray spheres, respectively. The Au adatom is represented by the
biggest gray sphere, the H atoms by the smallest sphimeSotal biggest gray sphere, the H atoms by the smallest sphime¥otal
valence charge density, the isosurface corresponds to an electrenlence charge density, the isosurface corresponds to an electron
density of 0.03%/a.u®; (c) D~ density(see the teyf the isosur-  density of 0.03%/a.u’; (c) D~ density(see the tejt the isosur-
face corresponds to an electron density of 0.e18.u®; (d) D* face corresponds to an electron density of 0.e18.u; (d) D*

density (see the tejf the isosurface corresponds to an electrondensity (see the tejt the isosurface corresponds to an electron
density of 0.010e/a.u® density of 0.010e/a.u’
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(a) TABLE II. Atomic distances(angstromsin the geometries of
the As-Au-As and As-Ga-As complexes formed by Au and Ga ada-
toms located at short-bridge sites of an As-As dimer, see Figs. 1-6.
M represents an Au adatom located at Ehasites or a Ga adatom
located at theX sites. BD stands for broken-dimer configurations
(see the text As; and As represent the atoms of an As dimgj.
indicates the distance of the Au or Ga adatoms from the center of

the As dimer.
Site M-As, M-As, As;-As, Z4
D, 2.79 2.77 2.67 2.43
D, 3.00 3.41 2.53 291
Di.gp 2.58 2.53 4.98 0.74
Dy.gp 2.88 2.70 4.66 1.50
X5.8D 2.26 2.27 4,52 0.14
X, 2.72 2.72 2.52 2.40

is much larger than those corresponding toEheandD,_gp
configurationg0.21 e\j and to theD, andD4_gp configura-
tions (0.42 eV). Further, in the case of Au adatoms, much
higher energy barriers separate the minima corresponding to
the non-BD and BD configurations with respect to the case
of Ga adatoms. Thus, at variance with the case of Ga ada-
toms, only the PES corresponding to unbroken As-As dimers
can be used to describe the interaction of Au adatoms with
the GaAs surface. That PES is shown in Fig)1

The comparison between the Au-dimer interaction and the
Ga-dimer interaction has been extended to the characteristics
of the chemical bonding of the two adatoms in the BD con-
figurations. In detail, the chemical bonding has been care-
fully investigated by analyzing the geometries and the total
and difference charge-density maps of the As-Au-As and As-
Ga-As complexes corresponding to tggp, D,gp, and
D..gp configurations. For sake of clearness, the results
achieved for the As-Ga-As complex will be discussed first.
In the As-Ga-As complexes, the Ga-As distances are smaller
in the BD configuration, where the complex has an almost
“on-line” geometry, with respect to the non-BD one, see
Table Il. Moreover, the Ga-As distances reach val(#27
A) smaller than that estimated by the atomic covalent rdii,
2.46 A, thus indicating the existence of a strong Ga-As bond-
ing interaction. First, the nature of the chemical bonds
formed in the As-Ga-As complexes has been investigated by
analyzing the totalvalence electronic charge-density distri-
butions. In this analysis, the distribution of the electronic
l charge around the As atoms of an isolated dimer has been

taken as indicative of the formation of covalent bonds. The

As-As dimers on the surface are characterized indeed by
QS-AS distances of 2.51 A, to be compared with the value of

isosurfaces for a Ga adatom located at theXjtgp [corresponding 4 A estlmgted by the As qualent fadﬁ?SThe largest .

to the siteD,.gp in Fig. 1(a)]. (a) Atomic geometry, the As and Ga charge-density value that per_mlts to_ apprema@e the formation
atoms are represented by black and gray spheres, respectively. TRE the As-As covalent bonds in the isolated dimers has been
H atoms are represented by the smallest sphébgJotal valence used, the_refore, to palculate all the total cha_rge—densny isos-
charge density, the isosurface corresponds to an electron density Bffaces discussed in the present study. An isosurface of the
0.035e/a.u?; (c) D~ density (see the teyt the isosurface corre- total charge density corresponding to the As-Ga-As geometry
sponds to an electron density of 0.0a&.u3; (d) D* density(see  Of Fig. 6@) is shown in Fig. €0). This isosurface shows a
the texj, the isosurface corresponds to an electron density of 0.01@iling up of the electronic charge density on the As atoms
e/a.u’ neighboring the Ga atom that implies the formation of cova-

FIG. 6. The figure shows the geometry and some charge densi
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lent bonds with a marked ionic character. This electronic
distribution should be compared with that found for an Au (a)
adatom located at thB,_ g site, see Fig. ), which sug-
gests the formation of pure covalent Au-As bonds. The dif-
ferent nature of the chemical bonds in the two above As-
Ga-As and As-Au-As configurations is confirmed by 2D
contour plots of thé€valence electronic density and 3D iso-
surfaces of the difference maps. Figuréa) &and 1b) show
contour plots of the electronic density in planes orthogonal to
the surface and close to the atoms of the As-GaPAsgp
configuration and As-Au-As (D,.gp configuration com- (b)

plexes, respectively. Figurgd confirms the ionic character
of the Ga-As bonds. Figurgh) suggests the formation of an ‘O\/—‘X/v

Au-As covalent bond. The same figure shows that only one
contour line surrounds the Au and As atoms, while two lines :)[\'\@) {
surround the As-As atoms of a neighboring dimer located on 4

the same plane of the contour plstee also the As-Au-As
geometry in Fig. 8)]. This suggests the formation of Au-As
covalent bonds weaker than the Ga-As bonds. Even the dif-
ference density maps relative to the Ga adatom, see Figs.
6(c) and &d), show a marked displacement of the electronic (¢)
charge from the Ga atom towards its As neighbors, when the
adatom-dimer interaction is “switched on.” A quite different )
electronic distribution characterizes the chemical bonding of
the Au adatoms. The difference density maps of Figs) 5 O
and 3d) show indeed the absence of charge displacements

from the Au atom toward its As neighbors. The nature of the @@ ’@ @‘ {
Au chemical bonding can be clarified by an analysis of all

the above charge-density plots. Figuréb)5and 1b) show

the presence of some electronic charge between the Au and
As atoms, thus indicating a covalent nature of the Au-As
bonds. Figures (8) and Fd) indicate that the formation of
those covalent bonds does not imply a displacement of (d)
charge from the Au adatom toward its As neighbors, thus

indicating the formation of pure covalent bonds. The above
analysis of the Au chemical bonding at the_gp Site may be .

related to the geometry of the As-Au-As complex, see Table @ L

[I. At variance with the case of Ga, the Au-As distances are =

both larger than the value estimated from the covalent radii
2.6 A, thus suggesting the formation of weak Au-As bonds.
Finally, a different strength of the As-Ga-As and As-Au-As
bonds is suggested by an estimate of the dissociation energy
AE = E(adatomtsurface— E(surface— E(atom). Values of

AE equal to 2.7 and 1.13 eV have been indeed calculated for
the X, gp and D,_gp configurations, respectively. Although
the above procedure gives only a rough estimate of the dis-
sociation energies, the abowE values favorably compare
with the energy required to break an isolated As dirfoar

the top layey, which has been estimated to be equal to 1.3
eV. In the case of the other investigated Au broken-dimer
configuration,D.gp, present results indicate the formation
of Au-As covalent bonds stronger than those formed in the

D.gp configuration. The corresponding dissociation energy £ 7. contour plots in planes perpendicular to the GaAs sur-

is equal to 1.7 eV. The geometry of this configuration showsgce and close to the atoms of the As-Ga-As complég. 7(a)] or
a symmetrical location of the Au adatom with respect to theag_ay-As complexegFigs. Ab—e]. Contour lines correspond to

As atoms of the broken dimer. Moreover, the Au-As dis-seven equidistant levels in the range 0.0—-0.886.u3 (8 X,.ap
tances are close to the value estimated from the covalerte;(b) D, gp site; (c) D, site; (d) Dy gp Site; (€) D, site. See Figs.
radii, see Table Il. The charge-density distributions shown irp—6 for the different geometries of the As-Ga-As and As-Au-As
the Figs. 4b) and 7d) indicate an increase of the electronic complexes.
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charge between the Au and As atoms with respect to thef the As dimers. A similar result has been found in the case
D,gp configuration. However, once more, the differenceof the Ga adatoms. However, the nature of the Au chemical
maps of Figs. &) and 4d) show the absence of a charge binding is quite different from that of the Ga adatom. The
displacement from the Au atom towards its As neighborsadatom-dimer interaction is characterized indeed by the for-
thus confirming the covalent character of the As-Au-Asmation of covalent Ga-As bonds with a marked ionic char-
bonds. acter in the case of Ga and by the formation of weaker co-

For what concerns the non-BD configurations, the geomvalent Au-As bonds in the case of Au adatoms. The different
etries of the corresponding As-Au-As complexes are alsg¢hemical binding of the two adatoms accounts for the higher
given in Table II. In the case of tH®, site, the Au adatom is barriers that the Au adatom must overcome to break an As
located midway between the As atoms, it is closer to one oflimer with respect to the Ga adatom. In fact, the energy
the As atoms of the dimer in the case of thg site. The required to break an isolated As dimer on the top layer is
shortest Au-As distances are equal to 2.77 and 3.00 A in thequal to 1.3 eV. The barriers found for the formation of the
D, andD, configurations, respectively, to be compared with BD configurations are higher and lower than 1.3 eV in the
the value estimated by the covalent radii, 2.6 A. The Au-Ascase of Au and Ga adatoms, respectively, because the latter
distances are shorter and the As-As distances are longer #0m has stronger bonding interactions with the As dimers.
the case of thd, site with respect to th®, site. Similar  In particular, the energy barriers estimated for the formation
results have been found in the cases offfhe;p andD,5p ~ Of BD configurations in the case of Au adatoms are about
sites. This suggests that the As dimers of the third layer aréree times larger than those found in the case of the Ga
more reactive than those of the top layer, in agreement witi@datoms. In the case of gold, the formation of BD configu-
the existence of the lower-energy minima in correspondencgations will require, therefore, high-temperature conditions in
of the D, and D, gp sites. This result can be accounted for order to favor the breaking of the As dimers. This suggests
by the different binding of the Ga atoms neighboring thethat the presence of Au adatoms does not modify32¢2
dimers. In the case of th@z site, the Ga atoms carry a ><4) reconstruction pattern of the GaAs surface and agrees
dang"ng bond and are threefold coordinated. They may reWith the results of a recent STM investigation of depositions
lax, therefore, by following the displacements of the As at-Of fractions of a monolayer of gold on the reconstructed
oms forming the dimers. In fact, the corresponding Ga-G&5aAg001) surface!® The above results also agree with the
distances reach the value of 3.6 A against the value of 4.0 Rbsence of interdiffusion processes at low temperafuFés.
found in the bulk, thus stabilizing the As dimer. On the othernally, the lower reactivity of the Au adatom with respect to
hand, in the case of thB, site, the Ga atoms neighboring that of Ga agrees with the different effects that the BD con-
the dimers are fourfold coordinated and the correspondindfgurations have on the corresponding PES, negligible in the
Ga-Ga distance is about 4.0 A. These Ga atoms do not focase of Au adatoms, significant in the case of Ga adatoms.
low the displacements of the As atoms forming the dimers
that result to be the more reactive ones. The longer Au-As
distances characterizing the non-BD configurations with re-
spect to the BD ones indicate the formation of weaker Au-As  On the ground of the above results, only the PES calcu-
bonds. This agrees with the smaller dissociation energies-ated for the non-BD configurations has been considered in
1.28 and 0.92 eV for theD, and D, configurations, the analysis of the Au migration paths on the GaAs surface.
respectively—estimated for the non-BD configurations withThese migration paths have been investigated within the
respect to the BD configurations. The formation of weakerframework of the transition-state thedtyThis approach re-
Au-As bonds in theD; andD, configurations is confirmed quires to determine the activation energy for a jump between
by an analysis of the corresponding charge-density distribuavo binding sites. A number of possible paths has been con-
tions. In the case of th®; configurations, Figs. ®) and  sidered by taking into account the topology of the PES of
7(e) should be compared with Figs(B} and 7d) (which  Fig. 1(b), which induces to examine diffusion paths in direc-
correspond to th®, gy configuration, respectively. These tions parallel and perpendicular to the dimer rows. The acti-
figures show a decrease of charge density between the Awation energy for Au diffusion along these paths has been
and As atoms on going from th2,_gp to theD, configura-  estimated by examining the local minima and the saddle
tions. For the same two configurations, the differencepoints of the PES. This analysis has shown that the activation
maps—Figs. &) and 4d) for the D4_gp site, Figs. 2c) and  energies for the Au migration range from 0.6 to 3.6 eV and
2(d) for the D; site—confirm the absence of a charge dis-from 1.1 to 2.2 eV in directions parallel and perpendicular to
placement from the Au atom to its As neighbors. It should bethe dimer rows, respectively. These results, in particular, the
noted that the small differences between the charge distribiexistence of an energy barrier of only 0.6 eV, support the
tion of theD, andD_gp configurations, Figs.(d) and 7e), existence of a strong anisotropy in the two directions. This
respectively, agree with the small difference between the comnisotropy is directly related to the characteristics of the Au-
responding total energié®.42 e\j. A quite similar analysis dimer bonding interaction and to the positions of the As
can be performed in the cases of e andD,_gp configu-  dimers on the reconstructed surface. As an example, a migra-
rations. tion path along the line of th€;, C,, C,4, C,, andC; sites

All the above results can be included in a coherent pic-of Fig. 1(a) is characterized by energy barriers lower than 0.6
ture. An Au adatom has the strongest bonding interactionsV. On the other hand, along a path involving tbe, C,,
with the surface atoms when it is located at short-bridge site€,, Cs and Cg sites(which is almost perpendicular to the

B. Migration paths
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dimer rows, the energy barriers are higher than 1.1 eV. Even(001)-82(2X 4) reconstructed surface. The most interesting
a qualitative analysis of the PES of Fig(bl immediately  Au binding sites are located at short-bridge sites close to the
shows the existence of “channels” of an almost homoge-As-As dimers of the top and third layers. Similar binding
neous color only in a direction parallel to the dimer rows. Insites have been found for Ga adatoms. However, a Ga ada-
a theoretical study of Si adatoms on the (300 surface, tom forms covalent Ga-As bonds with a marked ionic char-
activation energies of 0.6 and 1.0 eV have been estimated fQjcter when interacting with the As dimers. The Au-dimer
Si diffusion along and perpendicular to the dimer rows,interaction is characterized instead by the formation of
respectively*!® From these results, root-mean-square d's'weaker(pure) covalent Au-As bonds. Accordingly, Au ada-

placements of T0A and 1 A, respectively, have been esti- 4 ms 4o not induce a breaking of the As-As dimers and do

mated for thg Si adatoms at room temperature for a t|mg of'not affect the surface reconstruction. The migration of the Au

been confirmed by STM experimerfs®? Present results
suggest, therefore, that also in the case of the Au adatoms
dominant motion of the Au atoms parallel to the dimer rows
should be revealed by STM experiments.

anisotropy of the Au diffusion should be observed by STM
periments and of interest for technological applications.
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