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Leapfrog Diffusion Mechanism for One-Dimensional Chains
on Missing-Row Reconstructed Surfaces
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We analyze the in-channel diffusion of dimers and longesidatom chains on Au and Pt (110)
(1 X 2) surfaces by molecular dynamics simulations. From our calculations it arises that, on the
missing-row reconstructed surface, a novel diffusion process, called leapfrog, dominates over concerted
jumps, thus becoming the most frequent diffusion mechanism. [S0031-9007(99)08441-0]

PACS numbers: 68.35.Fx

Adatom diffusion plays an important role in the micro- found. Recently, Linderotlet al. [7] observed Pt dimers
scopic understanding of crystal growth, thin film forma- diffusion on P¢110)-(1 X 2) by STM: again, there was
tion, and other surface phenomena [1]. Even if some newo evidence for the LF event. However, in longer chains,
diffusion processes have been recently discovered [2—4LF diffusion events are now observed in Pt [8]. Here,
the basic set of single-adatom diffusion mechanisms oimspired by the STM observations in Ref. [8], we analyze
the most interesting surfaces is now understood. The nain detail the microscopic mechanism, the diffusion path,
ural subsequent step is thus the study of small-clusteasind the characteristic time scales of the LF process by
mobility, starting from the smallest, the dimer: as empha-total-energy calculations. We explain the reason why
sized in Ref. [5], the role of dimer diffusion in affect- such processes are very hardly observable for dimers
ing the growth kinetics is not yet fully understood andand, on the contrary, they can be observed for longer
needs further investigation. In particular, it is of main chains. We treat both Au and Pt. A comparison with
interest to know how fast dimers and larger clusters cathe experimental results in Pt is made, with good results.
move, and by which mechanisms. In this paper we conWe treat two metals in order to have some indications on
centrate on Au and Pi-chain @ = 2) self-diffusion on the generality of the phenomenon.
the (110)(1 X 1) and (1 X 2) surfaces, in order to un-  Our calculations are based on the many-body RGL po-
derstand how the geometry influences diffusion. In theentials [9], with a second-neighbor cutoff. Details about
unreconstructedl X 1) geometry the fod10) surfaces our MD simulations, and about the energy-minimization
are already characterized by channels along thé] di-  procedure (quenching) are in Refs. [3,10]. Rosato-
rection. Onthgl X 2) surface channels are even deeperGuillopé-Legrand (RGL) potentials correctly describe
so that in-channel diffusion might be thought of as a onesurface relaxations and reconstructions of noble metals
dimensional process. However, very recently, we showe{P], and predict the diffusion mechanism in agreement
[3] that for Au adatoms, an important contribution to with experimental results, for transition and noble-metal
diffusion (especially for long-jump events) comes fromsurfaces [4,6,11]. A complete comparison between RGL
metastable walks (MW). In a MW, an adatom starts frompotentials and other theoretical or experimental results is
a minimum in the channel reaching another in-channein Ref. [12]. In the following we make first a discussion
minimum by an out-of-channel trajectory, passing througtof the results for Au. For Pt, results are qualitatively simi-
a metastable potential-energy region. lar (see Tables | and Il), and they are discussed towards

In this Letter we show, by molecular dynamics (MD) the end of the Letter.
simulations, that a new mechanism, again involving Let us first consider dimers. We have calculated CJ
an out-of-channel trajectory, occurs for dimers=€ 2),  barriers for Au dimers, findingc; = 0.47 eV inthe(l X
trimers or longer chains:(= 3), and that this mechanism 1), and Ec; = 0.52 eV in the (1 X 2). Then we have
[we shall call it leapfrog (LF), see below] has the lowestperformed very long higl- MD simulations [at450 K
activation barrier, thus it becomes dominant at [BwTo  on both geometries and a60 K on the (1 X 2) only].
our knowledge, no works on dimer or chain self-diffusionOn the (1 X 1), we have found the statistics of events
on Au or Pt (110) are present in literature. Concerning(see Table |) to be in agreement with the above energy
dimers self-diffusion on fdd 10) surfaces, other metals barriers: only the CJ mechanism is present, and its rate
have been already studied: Shiang and Tsong performed; is roughly obtained with an Arrhenius forme¢; =
MD simulations of Is and Pi [6] self-diffusion on Ir  vcyexp(—BEcy), where = (kzT)~' andvc; frequency
and Pt(110)1 X 1). There, a great variety of diffusion prefactor (here and after, in all quantitative estimates,
processes was found, such as concerted jumps (CJ, i.@l|] prefactors will be of10'> s=!). On the other hand,

a rigid dimer jump) and exchanges, but, due to thdn the (1 X 2) geometry, we have found a new event,
(1 X 1) geometry, no evidence for LF events could beclearly dominating at both 450 and 550 K (see Table I),
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TABLE |I. MD simulations results for Au and Rt-chains. In

the case of trimers and tetramers, in the last column, besides 0000006 00000014 OQQ@@QQ
the number of successful leapfrog events, we report also in OOO@RHOC OOOBOOC HOBBOOO

parenthesis the number of events in which the adatom reaches
the positionC in Fig. 4, but after that it descends againtothe @@ 000068 0009008 900 0000
FIG. 1. Atypical LF event, at 450 K. Left: The dimer (black

side of departure and not on the opposite side

Metal and 7 Simulag_ion Time and white stars) lies inside the channel. Center: The black-star
geometry n_ (K) (10° p9 cJ LF adatom is climbing on the metastable channel. Right: The
Au(l xX1) 2 450 1.5 5 black-star adatom falls again down into the channel, but on the
Au(l Xx2) 2 450 35 3 21 opposite side.

Au(l X 2) 2 550 1 18 40

/SEEIXXZ? 2 12?)8 8'? g 4(+354)f a one-site move of the chain, as well as a CJ event, so
Pt(1 X 2) 3 1000 0.5 0 20(+24) that if only the initial and the final position are considered,
P{1 x2) 4 1000 0.15 0 4(+7) LF and CJ are not distinguished. So, in order to observe

a LF, one should be able to collect images of the system
during the event itself, i.e., while the adatom is walking on

the LF event. Its nature is understood from Fig. 1, Wherethe chain. Now, there is an important difference between

a ypial LE event a1 45 K i shown. Our 0K cnergy (175 206 ln6er chans or nsence, 1 e cose of 2
calculations give an energy barridf,, = 0.45 eV (in Imet, P ' gy su 9

; B e . . ._metastable diffusion path has a deep minimum (see Fig. 4),
Z'g{i' 2 S?t;h; IS ;_T]isegergi rEe::un|r§gdtoajtutn;lgi£;0|rr::IF;IVISItewhen the diffusing adatom lies exactly in the middle above
. up ’

or STM experimental temperatures, the LF event Shoul(}he other two adatoms of the chain. This situation does not
dominate. When trimers (or longer chains) are consideredcr?;':gael.foem.:03n'eso°f’ %Zgggéfgraﬁgiggég}z ?]f'j.?]t%rg Cal?et
one of the two side adatoms can climb out of the channe}ls calclzlatle the average t'mez ent by an adlatlom.alon

[see Fig. 4 and notice that the energy barrier for such an u . verage time sp y S 9
event is in good approximation the same found for thesuch trajectories. Two conditions must be satisfied: at the

dimer (0.45 eV) and this is still true for longer chains], and ]fzxptehnmecr;t?IT thehfrelqduincy of ”‘? It;IF (or gft':]he MW
diffuse over the other twon(— 1) adatoms, finally failing [oF the adatom) should be appreciable, and the average

again in the channel, but on the opposite side of the trime(ﬁuration of the permanence in the metastable region should
(chain). We shall call this mechanism LF once again, bu eFI.Ontg enough. ider the sinale-adat Fig. 2):
always specifying the chain length. Trimers (or longer irst, we consider the single-adatom case (see Fig. 2):

n-chains) CJ have to be considered extremely rare evenf%t tl?e 'n'tr'arl](;'mrﬁvt/h?kadnazﬁmn'qs tm tBkF)JIOS|tr|10r|11,nthlenn|(tj it
(the barrier for a CJ of a trimer is of abau? eV, and even axes a rando alk on the metastable channel, a S

o . ; . ; finally trapped again at the channel bottom, aft&r + 1
larger for longer chains; in the high-simulation trimer . - : - .
CJ were never observed, see Table I), so that, for all APEPS WIthV = 0,1,2,.... If p is the probability to jump

chains withn = 2 the LF eventis, by far, the most favorite
mechanism.

An important question arises: is it possible a direct
experimental observation of such events? A LF causes

MW diffusion path

Potential energy along a MW (eV)

Top row (Layer 1)

o -0 -0 -o

0.45
0.4

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

TABLE Il. Energy barriers (in eV)E, 3 = E,, is the energy
barrier for the promotion above the chain (dimer) by jump,
Egom is the descent by jumpES! and Egi, are the pro-
motion and descent energies By, is the dissociation en-
ergy. The latter is practically independent on the chain length
for n > 3.

Channel (Layer 3)

Dimer

FIG. 2. Left: Adatom MW diffusion path. An adatom (full
Metal Eaxp = Eyp Egs = Egoun Eiiss Ecy circle in the channel), starting from, climbs on the (111)
facet, passes the saddig, and goes to a minimumd. From
Au 0.45 0.14 0.51 0.52 B, it cz;)n fall again into the cha%nel, or it can movedofrom
Pt 0.84 0.21 0.96 1.06  where it can only go to anothd? site. Right: The energetics
Trimer of this path is shown. This energetics (and the corresponding
ones in the next figures) are obtained by interpolation from a
Metal Eap = Ewp Epa = Edomn Ediss full sampling of a lattice cell by quenched MD. We fix the
Au 0.45 0.37 0.52 x andy coordinates of the adatom and let all other degrees of
Pt 0.84 0.64 0.97 freedom in the slab relax. This has been done on a grid of

50 X 50 points per lattice cell.
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Dimer LF diffusion path o5 Fotential energy along a LF (V) finds that aT around 150 K is needed. But at that
Top row (Layer 1) OAA;S Eq (3), WIthEBC = 0.1 eV, Egy = 0.06 eV, andEAB =
e O -0 o4 0.4 eV, gives7 = 1077 s, clearly too short for a MW to
0.35 be directly observed.
Layer2 5 o B 0.3 Now we repeat the same calculation for dimers, and

evaluate7 for a LF event. We begin with one of the two

adatoms of the dimer in & position, the other being at the

bottom of the channel. By random walk considerations
i it follows that ¥ = 754 for a dimer LF. BeingEsp =

0 E, = 0.45 eV andEg4 = 0.14 eV one finds that the LF

FIG. 3. Left: Dimer LF diffusion path. The left adatom of event is again too fast to be directly observed< 1077 s
the dimer (full circle in the channel), climbs out of the channel, gt 150 K).

passes a saddle poissi, and goes to a metastable minimum — \q\ e consider trimers. From Fig. 4, it is evident

ghroirg? Sf)’, |ct)rciat1ncg:1n}g”t%$2;en ?;h;ahreszﬂwarnﬁter::a g:gmu?he that the situation is now qualitatively different. Indeed,
energetics along this path is shown. a deep minimum along the metastable path is present. If
one of the side adatoms of the trimer gets 8 position,

it can make2N + 1 (N = 0) jumps to return down to
the bottom of the channely of such jumps are fronB

to C sites, andN from C to B sites. In this case, the

A
Channel (Layer 3)

from B to C, and (| — p) the corresponding probability
to fall down into the channel, then

p= 2vpc exp(—BEgc) W probability p to jump fromB to C is
2VBC EXF(—,BEgc) + vpa eXF(_ﬁEBA) Vpe eXFX—ﬁEBc)
In Eq. (1), Egc and Ep4 are the energies needed to go P vec exp(—BEpc) + vpaexp(—BEgs) 4)

from B to C and fromB to A, while vgc and vpy are  _ . . L L
the corresponding frequency prefactors. It turns out th for a trimer LF is again given by Egs. (2).(3) wity =

—1 —
Esc = Ecp (see Fig. 2, and Ref. [3]), thus the averagel?sC €X(~BEsc) + vsaexp=BEpy)]", and 7c =
“BC - ~CB ( 9. < 3D, thu verag (Qvep) 'exp(BEcg). At low T, we have: 7 o«
time 7 spent on a MW is
exd B(Ecg + Epsa — Epc)] so the adatom stays long on

- Nt . the metastable channel. Sindg, = E z = 0.45 eV,
T NZO[(N + Vrp + Nrclp™(1 = p): - () while Egown = Ecg + Eps — EBCp: 0.375 eV, there
5 = [2vpc exp— BEsc) + vpaexp—BEs)]"!, and IFS the possibility of a dlr(_ect observation of trimers LF.
_ B ~1 ; or example, at 160 K, in one hour abog@ times a
7c = [2vpc eXp=fEsc)]" " are the average residence Gy o qaiom should jump up toRasite, so that~40 LF
times inB and(, respectively. Equation (2) gives should occur, with a duration of 0.3 s each; so, it should
be possible to observe these events in Au. Finally, for
longer n chains, we have: — 2 metastable minima and
the LF mechanism should be even easier to observe.
Since Eyw = 0.44 eV [3], in order to collect about ten Let u? EOW discuss inf det_gil thde microschopic mechsl—
events in one hour (typical STM observation time), one 'SMs 0 the promotion of a side adatom to the metastable
region, and its descent down into the channel from the
metastable region. Both going up and descent may hap-
Trimer LF diffusion path o5 _Potential encroy along o LF («V) pen either by jump or by exchange, and the experiments
Top row (Layer 1) 045 Si Si are not yet able to discriminate which mechanism pre-
vails indeed. In the case of the descent, the adatot in
(see Fig. 4) could fall down into the channel by pushing
aside one of the two atoms below and taking its place
at the channel bottom. In order to determine whether
this exchange process would be favorable, we have first
estimated its energy barrier by quenched MD. We put
the adatom inC and then displace one of the two chain
0 adatoms below along the in-channel direction, fix.its
FIG. 4. Left: Trimer LF diffusion path. The left adatom coordinate, and let all other coordinates of the system
of the trimer (full circle), climbs out of the channel, passesrelax. The quenching procedure is done after letting the
a saddles;, and goes to a minimung. From B, it can fall = .qnstrgined system evolve by some time at rather high

back in the channel, or it can jump to a deeper minimui ( . . . . L
By jumping fromC on the symmetri®@ minimum, it can reach T by microcanonical MD, in order to avoid trapping in

the channel againA). Right: The energetics along this path Spurious metastable configurations. By lettintake dif-
is shown. ferent values we are able to estimate the following barrier

o]

%:(TB“I‘Tc) +TB. (3)

l—p
At low T, ¥ = 27p4 SO the leading time scale igg,.

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Channel (Layer 3)

1500
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for exchange descentS:" = 0.55 eV, much larger than single-adatom diffusion on Au(11@)- X 2). In such

Eqown. We estimate also a barrier (Eﬁ“h = 0.64 eV, a system, these trajectories were mainly theoretically

much larger tharE,,. In order to be sure that these ex- interesting, contributing to a small fraction of single

change processes are really unfavorable in our system (asmps, to the25% of the double jumps, and showing a

should follow by the above estimates of the barriers), waendency to dominate the rare long-jump events. In chains

have also made several highsimulations. At 550 K, the diffusion, on the other hand, the LF becomes the dominant

promotion into the metastable region happened always bgtiffusion mechanism. Because of the energetics, we show

jump, and of9 descents§ were by jump and one by ex- that dimer LF events can very hardly be experimentally

change. At 450 K we made simulations starting directlydetected. But the same kind of events can happen also

from the promoted position, and then we observed always longer chains, and in this case, the moving adatom

jump descent. spends on the average a rather long time above the chain.
Finally, we repeat the above calculations for Pt dimersThis makes possible a direct observation of the process,

trimers, and chains on @t X 2) and compare our results as it is now experimentally demonstrated for Pt chains in

with those in the experiments by Lindero#t al.[8]. Ref. [8].

Qualitatively, the energetics along the metastable paths We gratefully acknowledge F. Besenbacher for
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