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The EAM potential set up by Mishiret al. [Phys. Rev. B63 224106 (2001)] is used to study some
elementary processes in the homoepitaxy of Cu oflCl). After having checked its ability to reproduce
surface physical quantities, this potential is applied to an investigation of the energetics, the vibrations and the
surface diffusion of Cy close-packed adislandd<N=<7). In each case we determine the most stable
configurations, the corresponding activation barriers, the local vibrational spectra, and the Vineyard prefactors.
In particular it is found that, at room temperature, dimers and trimers are still very mobile and move by
concerted jumps much faster than tetramers while heptamers can be considered as immobile. The very good
agreement of our results with scanning tunneling microscopy observations justifies the use of éilighin
potential for treating surface diffusion. This allowed us to study in details the influence of the lateral atomic
environment of the adatoms along its diffusion path. An effective lateral pair interaction model is set up which
is able to predict the existence of a saddle point along the path and to give a very good estimation of the
activation barrier height. This model will be very useful in kinetic Monte Carlo simulations of homoepitaxial
growth of Cy111).
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I. INTRODUCTION for the description of the coalescence of two clusters.

The stud d ch terizati f tal wih h Several works have been devoted to the determination of
€ study and characterization ot crystal gro 3Sthe preferred adsorption site of individual adatoms on

apart from its theoretical interest, important implications i”fcc(lll) metal surfaces. Indeed, the f and h sites, being both
technology. The process of fabrication of very thin metaly, eefold coordinated, are expected to be very close in en-
films is commonly used in electronics, optoelectronics, anGygy and thus their relative stability may depend on the
recording media industry. The more the growth is underchemical species. For instance, from field ion microscbipy,
stood, the more controlled the fabrication processes can bgas been established that an Ir atom d@a1d) occupies a h
made and, consequently, a better quality of the device pekijte whereas for Pt on @t11) the preferred site is an f site.
formances can be obtained. In addition Reppet al,'® using scanning tunneling micros-
The study of the homoepitaxial growth on (¢¢1) metal  copy(STM), have found that a Cu adatom on(@w) sits at
surfaces has been the subject of a very large number ¢fn f site, although the h site is almost degenerate in energy.
theoretical™ and experiment&f works since, in spite of its  On the theoretical side, three types of methods can be used to
apparent simplicity, it is actually rather involved. Indeed, calculate the adsorption energy: the semiempirical potentials,
there are two threefold adsorption sites: the northabite  the tight-binding model, andb initio methods based on the
which continues the stacking order @fL1) planes in the fcc  density functional theory. From the tight-binding approxima-
structure and the faulgh) site which, if occupied by the tion general trends were derived predicting the most stable
adatom during a growth process, will introduce the hcpadsorption sites for metals with a partially filledband®12
stacking order. In addition, adatom islands at equilibrium areap initio methods have mainly been applied to the study of
expected to be limited by close-packed atomic rows correAl, although a few works have been devoted to Cu and Ag.
sponding to two different types of microfacete0l) type for  Indeed, the numerical accuracy required to distinguish be-
A edges and11)) type for B edges, i.e., to the two types of tween f and h sites is very hard to achieve, in particular for
ledges for steps with close-packed edges orflfth) sur-  transition and noble metals. Various works concerning Al
faces. Furthermore, crystal growth is a kinetic process angRefs. 2, 13, and Idagree to conclude that the h site is the
thus not only the most stable sites are involved, but also thenost stable one, the f site being almost degenerate with the
diffusion barriers encountered either by a single adatom iridge site. According t@b initio calculations for Ag(Ref.
various atomic environments or by small clusters. In particu-15) and Cu(Refs. 10 and 1pthe f site is very slightly pre-
lar, the critical cluster size beyond which the nuclei becomeferred to the h sitéby some meY for both metals. On the
immobile must be determined. Moreover, the relative diffu-contrary, when using semiempirical potentials, the numerical
sion rates of adatoms along steps A and B is of great imporealculations can be as precise as needed. However, these
tance for the growth of adislands and the knowledge of thepotentials being approximate, the relative stability of f and h
diffusion barriers encountered for an adatom jumping besites may depend on the fitting data base used as input in the
tween two sites at which it has nearest or next nearest neightetermination of the potential paramet&f3hus the reliabil-
bor lateral bondsi.e., between two small clustgrss crucial ity and the transferability must be extensively checked. In
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TABLE |. Surface relaxation of low index Cu surfaces calculated from the EAM potential and compared
with experiments.

Ay=z;/2-1) (111 (100 (110

EAM Expt2 EAM Expt? EAM Expt°
A1(%) -1.4 -0.7+0.5 -1.3 -1.2 -4.4 -8.5+0.6
Ayy(%) 0.1 -0.2 0.9 0.2 2.3+0.8
Azs(%) 0.2 0.3 -0.5

aReference 28.
bReference 29.
‘Reference 30.

particular, for the present problem, it should give at least theerribly lengthy calculations for Cu, since, even in the most
relative stability of hcp and fcc bulk phases correctly and arrecent calculation) the energy differences are strongly sen-
accurate value for the bulk stacking fault energy. Finally, thesitive to thek-point sampling and it is not obvious that the
diffusion barriers for a single adatom are rather low: for in-convergence is completely achieved. Furthermore, it is
stance about 40 meV for Al and Cu, according to both theorydoubtful that the results obtained for Al can be transferred,
and experiment&1418.19Thjs suggests that very small adis- even qualitatively, to Cu. Indeed, even in the case of a single
lands can still be mobil&? A high mobility has indeed been adatom, Al and Cu behave differently since, from the
observed in STM experiment8 at least for Cu dimers. initio data reported above, the diffusion proceeds by h-h-h

A systematic investigation of the relative stability and dif- jumps for Al and by f-h-f jumps for Cu. As a consequence, in
fusion barriers of AIN-mers(N=1,...,5 on Al(111) has the following, the energetics and dynamics of Cu is de-
been carried out by Changt all* by using the Viennaab  scribed using the potential derived by Miskehal?” which
initio simulation packagé! The state of knowledge seems to satisfies the requirement of giving the correct bulk stacking
be quite different for Cu. Only a fewb initio results can be of (111) planes. After presenting very briefly this potential
found in the literature for the dim&and for the trimet®  and checking its transferabilitgSec. I)) by calculating vari-
obviously due to the numerical difficulties mentioned above.ous surface properties, we study the adsorption and diffusion
In addition, the results reported by Chaeg al. for Cu  properties of monomers, dimers, trimers, tetramers, and hep-
N-mers obtained using an embedded atom met{todM)  tamers(Sec. lll), the aim being twofold: first, to provide
potential are only partial. Clearly a systematic investigationadditional tests for the potential by a detailed comparison
of all possible displacements of dimers and trimers is stillwith existing theoretical and experimental data and, second,
lacking for Cu. Finally, if the influence of oscillatory to complete these data. Finally in Sec. IV the influence of
adsorbate-adsorbate interactions at medium range on the dghort range adatom-adatom interactions on the diffusion of a
fusion barriers of an adatom in the presence of a seconsingle atom is investigated and an approximate formula for
adatom has also been investigated both for Al and®Gi4, the diffusion barriers is derived which will be very useful for
little is known about the influence of adatom-adatom inter-KMC simulations. Conclusions are drawn in Sec. V.
action at short range.

We have undertaken a systematic study of the diffusion Il. THE EMPIRICAL POTENTIAL
barriers encountered by Cu adatoms or very small clusters in ) ) o )
various atomic geometries, with the purpose of finding a 1he potential derived by Mishiret al?” for copper is
simple formula able to provide a good estimation of the dif-Pased on the EAM. In this model the total energy of an
fusion barriers as a function of the atomic environment of the2ssembly of N atoms is written as a function of all inter-
diffusing atom. The final aim is to use them as input in a@tomic distances;;:
kinetic Monte Carlo(KMC) code. Indeed, in this type of N N
simulatiqn it is quit(_a risk_y.to consider.only a_few diffusion Er= 1 > V(ry) + > Fp), (1)
mechanisms and, since it is obviously impossible to calculate 2{i5 i=1
a priori all of them, a simple expression is highly desired. .
Note however that there exists some simulation schemes g&//th
ing beyond standard KMC for instance the dimer method = o(r) ?)
based KMC(Ref. 25 or the accelerated molecular dynamics P P
proposed by Voteet al?® Although these methods provide
an accurate description of the dynamics they are much mor@here the pair potentia¥(r), p(r), andF(p) are fitting pa-
computationally demanding than usual KMC. Indeed the latfametrized functions which, on the whole, contain 28 param-
ter method allows one to simulate long time scale processegfers. The analytical expressions\i), p(r), andF(p) and
much faster especially when a simple expression is availabléhe corresponding values of the optimized parameters can be
to estimate barriers. found in Ref. 27.

While the barriers that we plan to calculate could be pos- Mishin et al. have tested their potential on many physical
sibly computedab initio in the case of Al, this would require quantities not included in the fitting data base. These quan-

j#i
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TABLE II. Step energies{Eg\tg)), kink energies(Efo()), stable 8
and unstable stacking fault energies in the bylks, y,¢ and at the ” ”
surface(y2", 484 calculated from the EAM potential and com- it 1
pared with available experiments. 6 __ __
EAM (eV) ExperimentgeV) < -

A - 1
Estep 0.263 0.220+£0.02 & 4
Eceep 0.265 0.220+0.02 = i LK
Elk 0.137 0.113+0.008 § ]
ER 0.134 0.121+0.008 2 Cu(l1l)
YsE 0.015 0.0186 {
Yus 0.055 i

surf 0 =
061 T MoK r
aReference 31. FIG. 1. The surface projected phonon band structure ¢1 Cl)
bReference 32. along high symmetry lines of the Brillouin zone calculated using
CReference 33. the EAM potential. S1, S2, and LR are surface or resonant modes.

Experimental dat#full triangle9 are taken from Ref. 34.

tittes were mainly related to the properties of three- _ _ _
dimensional structures: phonon spectra, point and planar de- There are obviously at least two geometries for the dimer
fects, relative stability of different phases and deformatior(Fig. 3): either both atoms are at f nearest neighbor gites
paths between them. However, save for the calculation ofimen or both are at h nearest neighbor sité& dimey.
surface energies of the three low index surfg¢gsl), (100,  However a third geometry might be possible in which an
and (110)], no other surface properties have been checkecftom is at an f site and the other one at the next nearest h site
For this purpose we have determined the surface relaxatioh dimen. In this latter case and in the absence of atomic
of these surface€Table I), the step and kink energies at 0 K relaxation, the bond length of the dimer is expanded by only
of the vicinal surfaces witli111) terraces and close-packed 15% but Itlhls expa?]SIc]zn"may be reduced by relaxation effects

: >y as we will see in the following.

. X X . . e
step edges, ! ep(l_ll) (10.0) (A St?g afd p(l_ll) (111 For triangular closed-packed trimers we must distinguish
(B step in the limit p—« (in practicep=20) in the usual . . : .

. . I~ between trimers in which the center of the cluster is above an
Somorjai notationgTable Il). In addition, the surface pro-

jected phonon band structure of @a1) has been deter- atom or at an adsorption site of the surface layer. In the first

) ) . : case, the clusters hav&00-type microfacets and we will
mined and cor_npared ek expgrlmeﬁtéqg. 1)..The overall .denote them as A-trimers by analogy with the usual notation
agreement with other theoretical or experimental data i

) . ) L . Yor the corresponding steps with11) terraces. In the second
quite sansfactory and shows that this potential is reliable forCase the trimers hawd11)-type microfacets and will be de-
surface simulations. Note that, compared to many other e

- . - . . Xroted as B-trimers. In both cases all atoms in the trimer can
isting semiempirical potentials for Cu, it has the advantagesit either at f or at h sites. Note that A-trimers interact di-

of giving the correct relative stability of the fcc and hcp r : ;
. . ectly with 7 atoms of the surface forming a regular hexagon
structures and the bulk stacking fa¢@F) energy which are hilg B-trimers have bonds with 6 ator%s ofgthe substrgate

essential for the present study, as already stated above. e - ; : -
o ’ ranged in an equilateral triangle. Thus four types of trimers
have also verified that the surface plane obeys the regular fcc 9 q g yp

stacking. The energy profil®E (relative to the fcc stacking

when the surface atomic layer is shifted from fcc stacking to sor unstable SF i
a surface hcp stacking is given in Fig. 2 compared with the 0 61meV ]
corresponding profile for the intrinsic bulk SF. Note that the 0 55mev s 7
SF energy decreases at the surfégsme Table )l while the o 50 —
energy at the saddle poifiinstable SFincreases. ié/ a0 wable SE
g 0 l 7

<
lll. EQUILIBRIUM STRUCTURE AND DIFFUSION 20~ — bulk SF 15meV]
OF VERY SMALL ADISLANDS OF Cu ON Cu (111) 10 ~ = surface SF Se 7meV
A. The adsorption geometry lg N ]

As stated in the Introduction, th@11) surface presents
two types of adsorption sitéfig. 3): the normal sitegf) and FIG. 2. The energy profile when a stacking fault is created by
the fault sites(h). These sites being both ternary they areshifting one half of the crystabulk SF) relative to the other along
expected to have similar binding energies and they can bthe (111 plane or thg111) surface layersurface SB in the (211)
simultaneously occupied. direction.
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The process is iterated until all the forcés, vanish. The
maximum value ofg,; along the final path gives the saddle
point since the energy has been minimized except in the
direction of the path. In practice we have takgg=14 and
stopped the iteration process when §ep | <102 eV/A.

3. The determination of the adatom(s) vibration spectrum

Two methods have been used to study the vibrational
properties of adato(s): the diagonalization of the dynamical
matrix in the harmonic approximatiqitiA) and the molecu-
lar dynamics(MD). In the HA, the local spectral vibration
density (LSVD) of atomi in the directiona (a=x,y,2) is
defined a¥

FIG. 3. The various geometrical configurations of monomers,
dimers, and triangular trimers on tki#11) surface of fcc crystals. Nig(v) = Z |Uia(Vn)|25(V‘ Vo), (4)

The open intersticeghlack dot$ correspond to(h) sites. n

wherevu;,(v,) is the component on atoimand directiona of
will be considered in the following: 3fA, 3hA, 3fB, 3hB the normalized eigenvector of the dynamical matrix corre-
(Fig. 3. sponding to the eigenfrequeney. In MD the LSVD of atom

In this section we study the equilibrium structure, diffu- i in direction« is obtained from the velocity autocorrelation

sion barriers and vibrational spectrum of these small adisfunction3839
lands and compare the results with existing theoretical and "
experimental data. The next subsection is devoted to a brief S.(v) :f dt €27V, (1) - V..(0)) (5)
presentation of the calculation methods giving access to “ 0 @ e

these properties. ) ) _ ) )
whereV, (1) is the velocity of atom projected on the direc-

tion « at timet. If the potential were strictly harmonic, the
two quantitiesn;,(v) andS,(v) (when properly normalized
1. The determination of the equilibrium structure are equal. However in a realistic potentl(») takes anhar-
anonic effects into account, the latter increasing with tem-
perature. In both methods the LSVD on a given site is ob-
tained by averaging over the three directiens

Let us present some computational details of the MD

Ri(n+ 1) =R;(n) + \[R;(n) - Rj(n— 1)1+ uF;(n), (3) simulation. The classical equations of motion were integrated
) . . using the Verlet algorithm in its velocity-velocity foAtwith

where R;(n) is the position of atoni and Fi(n) the force 3 {ime step of 3 fs. Unless otherwise stated, the simulation
acting on it at theth time step. The parametexsandu are  poy is built from 20 layers wittf111) orientation, each layer
chosen so that the evolution of the atomic positions |ead€ontaining 121 atomg.e., 11x 11 atoms. For each layer we
rapidly to the nearest local minimum &, and avoids 0s-  gpplied periodic boundary conditions in ther plane per-
cillations around it. Convergence is achieved atiitd it-  pengicular to the111) direction. On the surface of this slab

i 3
eration step when S|;(m)| <10 eV/A. For Cu adatoms  54at0ms are added. The system is equilibrated for about
on CyY11l) a fast convergence is obtained wit=0.5 and

1=0.1 A?/eV. Usually a few tens of iterations are enough to

B. Calculation methods

The algorithm used to relax the atomic geometry is base
on adampedmolecular dynamic$3® In a finite-difference
form the time evolution of any atomic positid?) is given by

converge to the required accuracy. %0 L 4
40 — —
2. The determination of diffusion barriers N y
The determination of the diffusion barriers has been car- < 30 B ]
ried out by means of the Ulitsky-Elber algoriththLet us £ 20 41meV _|
briefly recall the principle of this technique. The problemis 5 | 4
to find the saddle point between two stalte metastable < ok HCP
configurationsC andC’. The most simple guess for a diffu- - RCC 5meV
sion path is to take a linear interpolation between these two 0
configurations. This initial guess, which is most often quite B T
poor, is iteratively refined until the minimum barrier height is -10 path coordinate

reached. For this purpose this initial path is discretized into

N,+1 configurations and is distorted by moving each atomin  FIG. 4. The potential energy profile encountered by a Cu ada-
each configuration according to E®) in which the forceF; tom diffusing from an f site to an adjacent h site on the(1)

is replaced by its component perpendicular to the path, surface.
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FIG. 5. Left-hand side: local
spectral vibration densities
(LSVD) averaged over the three
directions on an isolated Cu ada-
tom at f and h sites on QW11)
from the harmonic approximation
(HA). Right-hand side: compari-
son of the LSVD obtained from

harmonic approximation and mo-
iy L lecular dynamics(MD) for an

adatom at an h site.

— adatom f (HA) — adatom h (HA)
— — adatom h (HA) — — adatom h (MD 50K)

LSVD (arb. units)

V(THz) V(THz)

10 ps and the physical information is extracted during andarger than the energy of concerted rotation or translation.
other period of about 80 ps of simulation in tpecanonical In the following we will analyze the possible movements
(NVE) ensemblée® During this last stage of calculation the of monomers, dimers, and trimers with their associated en-
drift in the total energy of the system was less than*@® ergy path.

and the ratio of the root mean square fluctuatiofi) of the

total and kinetic energy(Ey)/ o(Ex) was always less than 1. Monomer

2%. The Eourier transform Of. E¢S) was computeq using a Let us start with the case of an isolated Cu adatom. It is
Fast Fourier Transform algorithm with 16384 points. Hencer,und that the most stable adsorption site is an f site, how-

the precision in the calculated spectra is estimated to bg, o the h site is only slightly less stalfley 5 meV, see Fig.

about 3 10°2 THz. 4). Thus the elementary movement is a hopping from an f to
an h site. In Fig. 4 we have plotted the minimum energy path
C. Results of the f—h motion. The energy barriek; ., is extremely
As a preliminary study we have performed a molecularsmall since its value is only 41 meV. These results are in
dynamic calculation at 300 K to follow the evolution of 52 perfect agreement with the recent experimental data of Repp
adatoms distributed randomly at the surface of a slgitf) et all® who estimate the energy barrier a; .y,
orientation. The slab is built from a 2525 supercell geom- =37+5 meV and find an h/f energy difference ranging be-
etry with 30 layers. After 15 ns no single adatom remains oriween 4 and 8 meV.
the surface, they are all associated in dimers, trimers, etc. As In addition we have calculated the LSVD on the adatom
expected these small islands are far from being motionless f and h sites. In Fig. 5 we show the result of our HA and
and diffusion of dimers and trimers at very short time scale igdMD calculations at 50 K. The agreement between the two
observed. This suggests the existence of small energy bartinethods is almost perfect, apart from a very small shift to-
ers for the concerted motion of these small adislands, whicwards lower frequencies at the bottom of the spectrum, ob-
subsequently recombine into larger islands. Moreover onserved in MD as predicted by the first nonzero correction to
never observes the dissociation of a dimer or a trimer sugharmonicity** This correction is negative and varies a$/
gesting that the associated bond breaking energy is mudhus, rapidly vanishes whenincreases. There are two strik-

AE(eV)
bb

0.05 F l

F 39meV . . . .
0.04 £ A" atom-by-atom rotation 3%V FIG. 6. Schematic illustration of intracell, i.e.,
003 - nondiffusive dimer motion and the corresponding

= hh 23meV energy profile.

C hh
0.02 & i

E 12 meV,
001 th 12 meV . th
0.00 F \l/ \i/ \l

-3meV
concerted sliding concerted rotation
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(rff“ [ Yl Y Y L XY Y Y 1l
: ?cfét‘?ﬁx ?'W’é?@:&’
AE (eV) 1 2 3 ES 5 6 k3
0.6 — g
0.5 2 + 7
B AN} FIG. 7. Schematic illustration
04 L 370mev 410meV of intercell dimer motion leading
0.3 to diffusion or dissociation and
o the corresponding energy profile.
0.2 — 1
0.1 \ bond breaking
o - hih ff ff hh
0.1+

atom-by-atom movement  concerted sliding

ing features in the LSVD: first the perfect similarity of the f bond length. Indeed due to relaxation the bond-length of the
and h spectra, and second the presence of two narrow peaksxed dimer is shortened by 16% and finally ff, hh, and th
around 1 THz and 8 THz. An analysis of the polarizationdimers have almost the same bond lengtfound 2.45 A
shows that the low frequency peak corresponds to oscillaExperimentally the ff dimer is found to be very slightly fa-
tions in the plane of the surfa¢or which the corrugation of ~vored by about 1 meV with respect to ¥h.

the potential is very smaliwhile the high frequency one is ~ The dimer motion can be classified into two categories:
polarized along the normal to the surface. intracell and intercell motions. In the former case the dimer

is confined inside a small hexag@rig. 6) and the motion is
nondiffusive, whereas in the latter there is a diffusion out of
the hexagor(Fig. 7).

The dimer motion is more complicated since, in addition Let us first examine the intracell motion which is the most
to ff and hh dimers separated l4=2.55 A with bonds frequently observed in the molecular dynamic simulation.
pointing in a close-packed direction, there is also a dimer inThe motion in the hexagonal cell can proceed (bhycon-
an fh configuration with a bond length=2.95 A (see Fig.  certed sliding i~ hh, (ii) atom-by-atom rotation around the
3). In the following, two atoms separated dywill be called  central atom of the hexagon«fh«< hh, or (iii) concerted
nearest neighborén), while atoms separated I (in the  rotation fh bb« fh where bb is the bridge configuration
absence of relaxatiomill be called “pseudo” nearest neigh- (see Fig. §. The lowest energy barrier is obtained for the
bors (pn). For the unrelaxed system the energy of the fhatom-by-atom rotation - fh which is only 16 meV, in per-
dimer is higher by 150 meV than that of the ff dimer. Whenfect agreement with the experiments of Regipal1° from
relaxation is allowed this energy difference totally disappearsvhich an intracell-diffusion barrier of 18+3 meV is de-
and the mixed fh dimer even becomes slightly favored byduced. In contrast the energy barrierfthh is 26 meV, this
about 3 meV with respect to ff dimers, while the energy ofimplies that, at very low temperature, the dimer will spend
hh dimers is 12 meV higher than that of ff dimers. This more time going back and forth between ff and fh configu-
mixed dimer ground state, previously described byrations than doing the full rotation. Finally, concerted sliding
Bogicevic et al*? in the context of Al dimer dynamics on and rotation have diffusion barriers of the same order of
Al(111), is attributed to a strong contraction of the dimer magnitude as for the isolated adatom.

The intercell motion is made af) atom-by-atom motion

TABLE IIl. Diffusion barriers and corresponding attempt fre- and(ii) concerted slidingFig. 7). In the atom-by-atom mo-
quencies for concertedliffusive motionsof Cuy adislands on tion one of the atom is trying to break the dimer bond which
Cu(111): » from f to h sites(3fA —3hB for Cy), € fromhtof  needs to overcome a barrier of the order of 400 meV. More-
sites(3hB— 3fA for Cus). For Cu, the letters D and O refer to the over if this motion is made of a single-fh jump the final

2. Dimer

diagonal and oblique motion, respectively. configuration is unstable. In this particular case the atomic
relaxation has been allowed only along thelirection in
Adisland Cu Cu Cuy; Cw(D) Cuwy(0 Cu order to avoid complex concerted motions. The dissociation
. energy of the dimer is around 450 meV and, consequently,
BarriemeV) diffusion will be largely dominated by concerted sliding that
> 41 132 155 262 189 388 (osts only 120 meV, still four times larger than for the intra-
< 36 120 133 238 165 346 cell motion. Let us also mention that if lateral relaxation is
vo(THZ) allowed the energy cost of a concerted sliding is slightly
> 114 132 451 412 465 13.17 modified(132 meV instead of 120 meV, see Table).lll
< 116 140 6.47 5.05 570  18.00 In addition we have calculated the LSVD on the dimer,

both within HA and MD. The LSVD on the ff and fh dimers
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TTTT I TTTT I TTTT I TTTT | TTTT TTTT I TTTT I TTTT TTTT TTIrTT
= — dimer ff (HA) — dimer fh (HA)
=) . .
; dimer th (HA) dimer th (MD 50K) FIG. 8. Same caption as in
= Fig. 5 for Cu adatoms belonging
a to a dimer. Note that the LSVD of
a ff th both atoms of an th dimer are al-
~ 8.2THz 8.65 THz most indistinguishable.
~ 2
| 1 1 1111 | 1111 I 111 1111 | 1111

0 2 4 6 8 /10 0 2 4 6 8 10
V(THz) V(THz)

(Fig. 8) are very similar apart from an upward shift of the It is interesting to note that, even at this size, A edges are
high frequency peak at 8.2 THz for the ff dimer and atfavored with respect to B edges.

8.65 THz for the fh dimer. This peak is associated to a purely A typical sequence of motion develops as folloysse
vertical motion. The agreement between MD and HA is al-Fig. 10: a 3hB triangle transforms into a 3fA triangle by a
most perfect at 50 K. A shift towards low frequencies at theconcerted translation, a concerted rotation then leads to a
bottom of the spectrum, due to anharmonic effects and simi3hA triangle which transforms into a 3fB triangle by another
lar to that calculated for monomers, is found in MD. In Fig. concerted translation. The energy barrier involved in the non-
9 we have also compared the LSVD at 50 and 300 K, showdiffusive motion is slightly smaller(concerted rotation:
ing two clear behaviors: as the temperature rises the highll me\j than the one involved in the diffusive mechanism
frequency peak disappears, and the low frequency peak {g€oncerted translation: 155 mgV

shifted towards zero. This can be quite simply understood

since, when the temperature increases, the dimer diffuses 4. Tetramer and heptamer

rapidly in the plane of the surface and never stays enough e have also considered the motion of a diamond shape
time at the same lateral position to explore the vertical detetramer and a hexagonal close-packed heptamer. The tet-
pendence of the potential. Consequently it cannot be reprgymer has two types of diffusion processes from a regular fcc
duced in the simulation. Moreover since the plgnar motion iSstacking to a faulted hcp stacking by concerted sliding: one
extremely easy due to the very small corrugation of the powqtion in the direction of the long diagonal of the diamond
tential as already stated, a very low frequency motion in th?denoted diagonal motigrand two equivalent oblique mo-

plane of the surface is possible at room temperature. tions (see Fig. 11 A truly diffusive motion cannot proceed
by only diagonal motions, however diagonal-oblique and
3. Trimer oblique-oblique motions are both possible. The energy pro-

file along a diagonal-oblique path is shown in Fig. 11. The

For the motion of trimers we have only considered con-oblique motion is lower in energyl89 meV from f to h,
certed motion since atom-by-atom movement is very un465 meV from h to ¥ than the diagonal on@62 meV from
likely, the energy to break a bond being much largege f to h, 238 meV from h to i, as a consequence oblique-
Sec. IV) than the energy barrier involved in a concerted mo-oblique motions are energetically favorable. The motion of
tion. The energetically most favorable configuration is thethe heptamer is simpler since hexagonal adislands have a
3fA triangle, while 3fB, 3hA, and 3hB are, respectively, threefold symmetry and the three possible movements from f
5 meV, 17 meV, and 22 meV higher in energee Fig. 100 to h sites are equivalent. The diffusion barrier to be over-

— dimer th MD (50K) — dimer fh MD (50K)
= = dimer th MD (300K) = = dimer th MD (300K)

FIG. 9. The local spectral vi-
bration density on an fh dimer
from molecular dynamic(MD)
calculations at 50 K and 300 K
averaged over the three directions
(left-hand sidg¢ and in thez direc-

\ tion (right-hand sidg

X+y+Z

LSVD (arb. units)

7 polarization

0 2 4 6 8 10 0 2 4 6 8 10
v (THz) v (THz)
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A AN A AN AN AN
R00000NS008000AS!
CTYOOANSOL IVIA A
Vv OSLAIBCY 394409
LA X R TN T T T

AE (eV) 3hB 3fA 3hA 3fB
0.2 —
B FIG. 10. Schemaitic illustration
155meV . 155meV of trimer concerted motion and
0.15— concerted rotation the corresponding energy profile.
- 111meV
0.1
3hB 3B
0.05—
r 22meV 2
o YL Y SmeV
concerted translation concerted translation

come is 388 meV from f to h and 346 meV from h to f, dimer, 5—6 meV for a trimer, 6 meV for a tetramer, 6 meV
showing that such adislands can still be mobile at moderatéor an heptamer, and finally 7 meV for a complete lagsere
temperatures. Table ).

Finally let us comment on the relative stability of f sites  In contrast the energy barrier per atd.;, is more sen-
with respect to h sites and the corresponding energy barriersitive to the size and the geometry since it is equal to
It is quite interesting to note that the energy difference ped0 meV for a monomer, 20 meV for the nondiffusive motion
atom between f and h sitds,—E; [whereE,, andE; are the  of a dimer, and 66 meV for its diffusive motion, 52 meV
total energy of the system with adat@nat h and f sites, (concerted translatigrfor a trimer, 65 meV and 47 meV for
respectivelyis almost independent on the adisland size. Thighe diagonal and oblique motion of the tetramer, respectively,
guantity is equal to 5 meV for a monomer, 6 meV for aand 55 meV for the heptamer. These figures should be com-
pared to the 61 meV energy barrier needed to shift a com-
plete surface layer from fcc to hcp stackifgpe Table Il and

Fig. 2.

5. Energy barriers and Vineyard prefactors

The knowledge of the vibrational spectrum gives also ac-
cess to the attempt frequeney of the diffusion prefactor.
Indeed, assuming a classical harmonic solid, the attempt fre-
quency is given by the Vineyard's product formdfa.

3N
ig
p:

V0= 3N1 (6)

IT +
p=1

if we call VS and vf) the (real) eigenfrequencies for the equi-
librium and saddle point configurations aNdhe total num-
ber of atoms. In Table Il we have summarized the attempt
frequencies together with the corresponding energy barriers,
for the various diffusive motions of a monomer, dimer, tri-
mer, tetramer, and heptamer.
The attempt frequency for the diffusion of a monomer
diagonal motion oblique motion from an f to an h site is equal to 1.14 THz while for the
reverse trajectory it is 1.16 THz, as expected from the very
FIG. 11. Schematic illustration of tetramer concerted motionsimilar LSVD on the adatom in f and h sites. These values
and the corresponding energy profile. are in very good agreement with experimetitslote that the
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0 . I . I . I . justified when the adislands are large enough and limited by
monomer close-packed steps for which the most important event in the
growth process is the diffusion along the steps which pro-
ceeds by f-f(h-h) elementary jumps for adislands ghy¥
sites?® However, f-h jumps may still exist in particular when
the shape of the adislands is not so regular and are obviously
crucial when two adislands, respectively at f and h sites,
teframer coalesce. The energy barridgs ,;, andE,,_,; are expected to
vary significantly with the lateral environment of the diffus-
ing adatom. In principle, the diffusion barrier should be cal-
culated for each configuration of adatoms but this would lead
to prohibitive computer time in KMC simulations. Thus,
heptamer there is a need for a simple formula giving a reasonable
151 - estimation of the energy barrier as a function of the number
of neighboring adatoms. For this purpose, we must first com-
- . pute a large data set of diffusion barriers, second fit these
results by a simple formula and, finally, check that this for-
_%0 ! | ! | ! I ! mula is able to reproduce correctly a number of diffusion

001 0.002 0.003 0.004 0.005  parriers not included in the fitting data set.

Consequently, we have calculated the initia),{C}) and
final (E{C'}) total energies as well as the diffusion barriers

FIG. 12. Arrhenius plots of the hopping frequencies of Cu adis-(When existing corresponding to the 32 atomic geometries
lands for f— h diffusive motions. The tetramer straight line refers to SNOWn in Fig. 13. In all cases an adatom is displaced from an
the oblique motion. f site (configurationC) to an adjacent h sitéconfiguration
C"). The atomic geometries are labelled by two digits and a
attempt frequency does not always increase with the ener letter, the first and second digits being the number of nn

ggonds(of length d,) of the displaced adatom in the initial

barrier, i.e., the so called Meyer-Neldel compensation’ ¢ ) h :
effect® is not systematically obeyed. For instance, for each(Ndl) and flnal(Ndl) states, respectively. The letter labels the

of the studied adislands sizes, the-fi motion has a higher various configurations with the same digits. Save for the dis-

attempt frequency than the-fh motion while the barrier is placed adatom, the calculations were carried out by assuming

smaller, in contradiction with the expected trend. On the conthat all other adatoms are at strictly threefold sites, i.e., only

trary there is a tendency for prefactors to grow simulta—”ormal relaxation has been allowed. Actually we want to

neously with the barrier height when the number of atomdnimic the displacement of an adatom in the presence of
involved in the concerted sliding increases. compact adislands larger than those shown in Fig. 13 in

The barrier heights and the attempt frequencies bein@j"hiCh case the adisland lateral atomic positions are some-
known, it is easy to compare the typical time so@le hop- What fixed. Moreover it is expected that the diffusion barrier
ping frequency of the diffusive motion as a function of the IS Only sensitive to the close environmeie., nn and pn
island size and temperature in order to estimate the criticdonds, see Sec. Il ©)an the initial and final positions. In-
number of atoms beyond which the nuclei can be consideredf€€d if all atoms were free to move, the optimization of the
as immobile at a given temperature. For this purpose Wéilffusw_)n path_ would lead to collective motions transforming
show in Fig. 12 the Arrhenius plots of the hopping frequen—the adlsl_and into a more compact form,. In Tat_)le IV the cor-
ciesT given by the harmonic transition state theory, ile., 'esponding values afEq,=EdC}—E«{C'} are given. When
=1, exp(—AE/kgT), whereAE is the barrier height. It can be 2 sad,dle point has been foutcbnfigurationC’) betweenC
seen that for instance at room temperature the monomer hop!dC’ the diffusing atom has been fully relaxed at f and h
ping frequency is of course the largasbrresponding to a Sites and the corresponding energy barrigrs, are listed. In
typical time scale of "1=4 ps, more surprisingly the dimer the opposite case, eitheXAEq>0) or C'(AE<0) is un-
and trimer have hopping frequencies of the same order oft@ble and only the coordinate of the displaced atom has
magnitude(I'" =100 pg, the tetramer is much less mobile been optimized at f and h sites which are then rigorously

while the heptamer can be considered as an immobile nucleifiréefold. Note that the diffusion barriers corresponding to
the reverse diffusioth—f) is given by

In()
S
T
|

UT K™Y

IV. DIFFUSION OF AN ADATOM IN THE PRESENCE Ent=AEn+Er (7)

OF SMALL ADISLANDS which ensures the detailed balance condition. From Table [V

In most KMC simulations of homoepitaxial growth on itis obvious that neitheAEg, nor E;_j, is only determined by
Cu(112), the jump of an adatom from an f site to the nearestNL1 and N'Q,l (compare, for instance, the results for all the
h site(or vice versais not considered, even though we haveatomic geometries labeled 21 or)22f we now take into
seen previously that this jump is the elementary process iaccount the number of pseudo-neighb@fbond lengthd,)
the diffusion of very small adislands. This point of view is of the displaced atom in the initia(INgz) and final (NQZ)
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00/~ 10?/ S 10B~— 20% s . TABLE IV. The calculated diﬁerencAth:Ef—Eh betwegn the
initial and the final total energies and the diffusion barrigfs,,
° 0 ¢ N (o) ° ° (o) ° °’ ©) ¢ (when existing for a Cu adatom jumpi_ng f_rom anftoan h_site for_
AN WANDYANYAN WANES AN AN AN VAN the 32 adatom environments shown in Fig. 13. All energies are in
meV. The coordination numbers corresponding to the two shortest
°/\° °/\° °/\° °/\° bond lengths in the (Nfl,NLZ), h (Ngl,NEZ), and bridge(Ng:, N
20B /N 20C. A 20D ° 3(). A sites are also listed.
0 /00 Yo AVN 0 o\ Event  (Nj ,Nj)—(Nj,Nj) AEn Ng Ng Erp
o /\ ¥ o o /\ & o o /\ & o o /\ & o 1 00 0.0—0.0 e 0 0 a1
SN y SN 2 10A (1,0—(0,1) -137 1 0
40 AN 11A /R 11B /A 21:y o 3 10B (1,00—(0,0) =372 0 1
WANE o ANE 4 20A (2,0—(0,1) -430 1 1
o Oye ¢ CMA_HA L AMTA 5 208 (2,0—-(0,2 249 2 0
Y 7 7N\ 7N\ y 6  20C (2,0—(0,0) 670 0 2
SNE °/\® Vi °/\® 7 20D (2,00—(0,1) 430 1 1
21B aee 21C. /o 21D\ - . 21E N A 8 30 (3,0—(0,1 -741 1 2
NG o A o = /\ e N 9 40 (4,0—(0,2 -802 2 2
. ? Ve ? o5 ? ° 5 ? ° 10 11A (1,0 (1,0 -6 0 2 173
11 11B (1,0—(1,1 209 1 1
°/\@® S8 . VAW 12 21A (2,0—(1,2 2 2 1
21F/\+/p\ 216G/ A 31A. LA ij gii (2,0—(1,0 -308 0 3 379
- — T i (2,1—(1,0 -519 1 2
L ? L ? ? ) ? L 15 21D (2,0—(1,1) -55 1 2 140
' i 7 N ViR r 16 21E (2,)—(1,1 -350 2 1
° ° o @/\ - \"/ ° 17 21F 2,)—(1,) -350 2 1
41 o 22AN 22B/\ - 22C/\ o 18 21G (2,0—(1,1 =55 1 2 150
LAVAL LAVAL LAt L A¥a 19 314 (3,0—(1,1) -345 1 3 361
LAVAAVA ) © © @ 20 31B (3,)—(1,1) -599 2 2
o /\ ¥ ° o /N8 /\N@/\@/\ ¥ o /\ & o
21 41 (4,0—(1,2 -439 2 3
o /\@ o /\@ o /\° o/\ @ 22 22A (2,)—(2,0 -206 1 3 232
22D/ 22E /. 22F 32AN 23 22B (2,2—(2,0 -393 2 2
5/ ® /'8 /8 o\/e 24 22 (2,0-(2,0 -7 0 4 253
o/ e ove (OMVA ) O/ @ 25 22D 2,)—(2,1) -8 2 2 54
Q/\%/\ o /\NO/\5/\ o o /N /\ o @/\¢ /\ o
26 22E 2,)—(2,1) -7 2 2 54
@/ \ ° o/ \@ Q @/ \° 27 22F (2,0—(2,1) 224 1 3 32
. . 42 . 28  32A (3,)—(2,1) -293 2 3
728 o\/® 32C? L AVA 33 LAVA 29 32B (3,0—(2,1 254 2 3
o/ @ o/ e oNve Q & 30 32C 3,0—(2,1) -56 1 4 203
AT A YAV AY AVAVAY A AVAY 31 42 4,0-(2,2 ~159 2 4 207
o /\@ o/\@ o/\@ o/\ 0 32 33 (3,)—(3,1 -7 2 4 134

FIG. 13. The 32 atomic configurations for which the energy
profile of an adatontopen circlg jumping from an f to a nearest h Nf —Nd , AEg, is always very small and of the same order of

site has been calculated. Full black circles denote adatoms atfs'tel%agmtude as for an isolated adatgatomic geometry V)
The h sites are denoted as small open circles replaced by full grapgma”y When(Nf Nf ) is interchanged WlthiNd Nd )it is
’ 1’ O

circles when occupied by adatoms. expected that the dn‘ference in energy between the initial and
states, a reasonable correlation between the set of numbdigal states should change sign while keeping almost the
(Nf ,Nd ,Nd ,Nd) and AEg, or E;_, is observed. For in- same numerical value whereas the diffusion barrigrsy,
stance, among the geometries labeled 21, two couples @dEy_ should be interchanged. This is reasonably verified
configurations are characterized by the same numbers of rfar the geometries 22A and 22F.

and pn bonds: 21D and 21G, on the one hand, 21E and 21F Thus, assuming that lateral relaxation effects are small,
on the other hand, and each of these couples have comptire energy differenc@dEg, can be fitted with the following
rable values of\E;, andE;_,,. Moreover wheerl:NQl and  expression:
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TABLE V. The fitted lateral pair interactionén meV) for an
adatom atf or h) adsorption(E,,E,) and at bridgeE; ,E,) sites.

* *

Es E, E E,

=307 =215 -316 -101

AEg, = AEQ + (N{jl - Ngl)E1 + (Ng2 - NSZ)EZ. (8)

The parameteA&Efh can be interpreted as the difference of
total energles for an isolated adatom between f and h sﬂegn

ie. Ath——S meV(see Sec. lll C L The parameterg; and

E, can be viewed as effective pair interactions between the
considered adatom and its neighbors belonging to the adle
land at distancesl; and d,, respectively. Indeed, it can be

seen easily that the three shortest lateral distadegsy,d;

between a given threefold S|te and the neighboring threefolg?

sites ared;=a,d,= V4/3a, ds= \7/3awherea is the nn spac-
ing while calculations show that the optimizectoordinate

of these sites are almost the same. Thus the effective pair

interaction corresponding th; can be neglected sinak/d,
is noticeably larger thad,/d;.
Let us now consider the energy barriés,, and intro-

PHYSICAL REVIEW B 70, 075415(2004)

The parameteEth is the energy barrier for an isolated
adatom, i.e.EY ;=41 meV (see Sec. Il C 1 The effective
pair interactions€e;, E,, El, andE2 are determined by a least
mean square fit chEg, andE;_;, given in Table IV. They are
given in Table V. The calculated and fitted values/Adfy,
and E;_,;, are in satisfactory agreeme(figs. 14 and 1p
Note, however, that none of the 32 configurations included in
the fit haspn bonds in the direction of the displacement in
the initial or in the final positions, i.e., the diffusing adatom
at the bridge position has no neighbor at the distaﬁce
Let us now check that our fit gives reasonable estimates of
ergy differences and barriers not included in the determi-
nation of the parameters. We first note that the numerical
values of the parametel%,l Ez,El,E2 are quite reasonable.
ndeedE, and E; are rather close, similarly to the corre-
spondlng distances, Whereﬁsz is smaller thanE, since

,>d,. For assessing the quality of the fit we have first used

is set of parameters to compute the energy barfgrs in
the reverse directiofwith Ehﬂf—36 meV, see Sec. Il C)1
The overall agreemerifig. 15 is rather good. In addition,

order to justify the neglect cE3 we have also considered
configurations havmgt;dd i PN bonds parallel to the displace-

ment in the initiaffinal) state[NL“},—O 1, seeFig. 16). The

duce also effective pair interactions. The optimization of thefull calculations of AEs, and Eth have been carried out
diffusion path reveals that the saddle point is always veryusing the same assumptions on the adatom relaxation as for

close to the bridgétwofold) site, midway between the initial

the 32 previous configurations. The results are given in Table

f and final h sites. The three shortest lateral distance¥| and compared to the fitted values in Fig. 17. The overall
dl,dz,d between a bridge site and the nearest threefold sitesgreement is once again quite satisfactory. It is also impor-

are: d1 V13/12, d,=119/12, d;= \25/125 Even though
d,/d;, has the same order of magmtuded@.lsdl, the effective

tant to stress that in all cases where no barrier is found, the
total energy at the bridge site is in between the initial and

pair mteractlon corresponding ttg has been neglected. This final total energies in our fit, as it should.

is reasonable in view of the other approximations and it will

The success of this effective pair potential approach is

be seen in the following that taking into account only two actually not completely unexpected. Indeed, such a model

effective pair interaction&,(E,) at d;(d,) for an adatom at
the bridge position leads to satisfactory results.

has already been justified for the determination of the varia-
tion of the surface energy as a function of the crystallo-

Consequently, we have adopted the following expressiographic orientation by detailed calculations based on semi-

for the energy barrierk;_y:

empirical potentialg! tight-binding modef® and ab initio
calculations® Note that this does not assume that the total

_ =0 =i = _nIf _nIf
Br—n=Ern*+Ng By + NeEy = Ng B = Ng Eo. ©) energy of metals can be written as a sum of pair interactions
N | | T I | ]
200 o 2] 3
F 8
0fe & oot =
i o O
- g o o
= 200k o a Q E ~ FIG. 14. The calculatedopen
E f o] o circley difference in energyAEg,
mﬁ [ O Q 88 o o ] =E;—E;, between f and h adsorp-
g -400F 05 B o fo) o tion sites and the corresponding
i g o ] fitted valuegopen squargdor the
: e 8 cateulated values | 3 32 events presented in Table IV
R itted values - .
-600 [~ o a ] and Fig. 13.
[ ° B ]
-800 | o) .
L T T P T T T
0 5 10 15 20 25 35
event number
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400:r AN RN BT - L AP S IR RN RARRE TABLE VI. Same caption as Table IV for the 12 configurations
8 ] drawn in Fig. 16.
300 g calculated values —
< fitted values —
> values from Eq. ° u] =
2 g0 | ¥ it 8 - v 8 o8 3 No. Ny Np)—(Nj,Nj) AEn Ng Ng  Erp
= C v 7
T 10 e 8 v 3 (1,—(0,1) 309 0 1
- o v rw vig Y v ] 2 (1,0—(0,2 121 1 0 41
F I I I I I I ] 3 1,2—(1,1) -215 2 0
1111 1111 1111 1111 1111 Ivl 1 1111
0 5 10 15 20 25 30 35 4 (2,0—(0,2 -225 1 1 261
300 Frrrr[prrrryprrrrprrr o rr T T 5 (2 ) 0) — (0 ) l) _395 0 2 478
ook o @ ERG (3,0—(0,2 -485 1 2
S g 8 vV O g 7 (3,0—1(0,3 -290 2 1
é 100 | o© g 5 3 8 (2,1—1(0,3 -230 2 0 230
T oF V. 0% % ovee % = 9 (2,)—(1,2 -87 2 1 134
= O calculated values o v v o3 10 (1,2—(1,2 -2 2 0 101
-100 & extrapolated values v =]
W/ values from Eq. 11 v = 11 (4 y O) — (0 y 3) _543 2 2
o R T T T I T I L1l | L1 I I _
2005 5 10 5 20 25 30 35 12 (3,1)—(1,2) 347 2 2
event number
. =Nf h N
FIG. 15. The activation barriers corresponding to the configura- Nd2 - Ndl + Ndl Ndl' (10

tions shown in Fig. 13. The results of the full calculations are de- We see that the above assumption would be iustified if
noted as open circles. The open triangles give the values obtained P )

from Eq. (11) (Ref. 29 using the numerical values listed in Table only the Tlrsthnearest nelghborhlnteractlon v;gere tarl1<en mtr?
IV. Upper panel: comparison between calculated and fiftgzen aCfCOl_mt' n the pregent_ case, however, we nave shown that
squaresvalues of the activation barrie _, for an f to h jump. th|s_ simple assumption is not valid since pn interactions must
Lower panel: comparison between calculated and extrapolateB€ introduced and the pn bonds parallel to the displacement

(open diamondsvalues of the activation barrie, ¢ foranhtof  Play a peculiar rol¢see Eq(10)]. Another simple model has
jump. been proposed by Fichthogt al?* in which the energy bar-

riers E;_,,, are given by

but that the variation of the total energy due to a modification 1
of the coordinations in a limited range can be linearized. Er_n=Ef .~ 3AEq. (11)

Finally, let us now compare our results with previous
works in the literature. It is often assunt@é'that the energy
barriers are completely determined by the numbers of neare
neighbors at the initial and final positions. Actually, it is easy
to show that

The energy barriers calculated with the above formula,
using the values oAEy, listed in Table 1V, are given in Fig.

. The comparison with our full calculations shows that Eq.
(11) cannot be used when the diffusing adatom has short
range interaction with other adatoms, even though it upholds

_nf h f h : tar
Ndl = NdZ + Ndz - Ndz// - Nd2//’ the detailed balance criterion.
1 Ne 2 /\ 3/ ® 4/ /.\ V. CONCLUSION
\Wo) W\ .\M\ (Vo) To_ summarize, we have carrl_ed out a systematic §tudy of
o /N3 /N o/No /N8 /N o/No/\s/\N@ \o/\b/\ o the diffusion of Cu on C(L11), with particular emphasis on
AN AN AR VAN the influence of short range adatom-adatom interactions. Us-
\\/ \/O e ing the EAM potential set up by Mishiat al, we have first
S/V\ AN N .\ SAO considered the case of a single adatom. The most stable ad-
o /N AND \/\/ o /\ o sorption site(f) and the very small diffusion barrier are in
o /0O e\ /O\Ve /8/0\/e perfect agreement with experiments. When adatoms meet to
o & o o é o o é o o é o f H M H
orm very small clustergdimers, trimergwe find that these
(o) ey e e {055 not Iolve bond bresking, DImers aré of three types .
9 Ne 10 N o 11 12 _ g. yp )
AA e\ /e hh, and fh, ff and fh dimers being almost degenerate in en-
AN o) o\ o\ 0 ° (\W/o) ° © ° ergy. The dlffgsmn barner; are very small for intracell mo-
A VAV ARWAR WA 7ANS WANAR WA ) tion whereas intercell motion proceeds by concerted sliding
and is less frequent, as predicted by molecular dynamic
o W o o o Qo o \(‘/ . . .
® ° ® simulations. The most favorable among the four triangular

trimer configurations is 3fA, which is almost degenerate in
FIG. 16. Same caption as in Fig. 13 for the 12 atomic configu-energy with 3fB. However, all these configurations can be
rations used as a test of the effective pair interaction model. visited by concerted motion at room temperature. The diffu-
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200 B T 6 T T T T | T ]
§ 0 O calulated values e n
g 0 extrapolated values Q ]
=200 o 8 B =
- C o o .
< B O FIG. 17. Upper panel: com-
-400 |~ v ] o — parison between calculatgdpen
B e - circles and extrapolated(open
C I I | I | 9 I ] squarep values of the difference
-6000 : 5 L 4 ' 6 ' g ' o 12 in energyAEg,=E;-Ej,, between f
and h adsorption sites for the 12
500 | ; ; | ; configurations shown in Fig. 16.
C I I 8 ! I ! I3 Lower panel: comparison between
400 = = calculated(open circley and ex-
- O calculated valucs . trapolatedopen diamondsvalues
% ¢  cextrapolated values . of the activation barrierg;_,,, for
= 300 | — an f to h jump found for the set of
~ o 8 ° . configurations shown in Fig. 16.
200 —
4 N _
m C o ¢ ]
100 | o —
ob ® 1]
0 2 4 6 8 10 12

event number

sion barriers for concerted sliding have also been determinedther hand. Similarly, the introduction of effective pair inter-

for the close-packed tetramer and heptamer. The Vineyardctions corresponding to the two shortest interatomic dis-

prefactors have been calculated allowing us to estimate thances at the bridge site has allowed us to reproduce and

critical island size beyond which the nuclei can be considpredict the existence and the height of the diffusion barriers.

ered as immobile at a given temperature. In addition the local In conclusion, we have investigated several microscopic

spectral vibration densities of monomers and dimers havaspects that will be of importance to study the homoepitaxial

been presented. growth on Cy111). However, the detailed knowledge of the
Then the influence of the lateral environment of the initial diffusion mechanism of adatoms along straight and kinked

and final sites in the diffusion process has been investigatedlose-packed steps is still required. This study is currently in

Calculations reveal that the existence as well as the height gfrogress and will be published in a forthcoming paper.

the diffusion barrier are strongly dependent on this environ-

ment. Finallly{ we have.shown that thg energy difference b.e— ACKNOWLEDGMENTS
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