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Competing mechanisms in adatom diffusion on a channeled surface: Jumps versus
metastable walks
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It is shown, by molecular-dynamics simulations, that in-channel Au adatom diffusion on missing-row re-
constructed A(L10) takes place by two different mechanisms, jumps and metastable walks. In a metastable
walk the adatom climbs up one of tig11) facets of the channel, diffuses fast along the network of metastable
minima on that facet, and finally is trapped again at the channel bottom. A considerable fraction of the events
giving direct mass transport to distant cells occurs by this new mechaf#0163-18208)04728-9

The study of adatom diffusion on crystal surfaces is a keyOur simulations will show that metastable walks are a con-
step in understanding the microscopic mechanisms involvediderable fraction of the events involving direct mass trans-
in growth, catalysis and chemical reactidngery recently,  port to distant cells.
the attention has been focused on the diffusion on anisotropic In our simulations, Au is modeled by many-body poten-
surfaces, where the most likely diffusion occurs along ondials as developed by Rosato, Guillopend Legrant(RGL).
well-defined direction. In such surfaces, diffusion is expected he form and the parameters of those potentials for gold are
to be a one-dimensional process: diffusion trajectoriegiven in Ref. 6. RGL potentials describe correctly surface
among the lattice cells should essentially follow straightrelaxations and reconstructionsf noble metals. They have
lines along the easy direction. The diffusion of Pd on chanbeen widely used in the simulations of diffusion in transition
neled W(211) (Ref. 2 and of Pt on missing-row recon- and noble metald*'> where they predict the diffusion
structed RtL10) (Ref. 3 have been investigated by field-ion mechanisms on flat surfaces in agreement with known ex-
microscopy and scanning-tunne“ng microscopy' respecperimental resultg.Concerning gO'd, recerdb initio calcu-
tively. The results of these experiments have shown that ktions of diffusion of Au/A100) (Ref. 9 have shown that
simple single-jump model is not appropriate. In fact, consis€xchange is favored compared to hoppibgrriers of 0.40
tent fits of the data are possible only by introducing corre-2nd 0.58 eV, respectivelyWe have checked RGL potentials
lated diffusion events in which the adatom crosses sever@nd they agree well with these results, giving 0.41 eV for
lattice cells in a single process. Moreover, in these experiexchange and 0.51 eV for hopping. On 0 surface,
ments, different activation barriers for moves to nearestdata are available for in-channel jum@gCJ) and cross-
neighbor(NN) and to more distant sites were estimated. Inchannel exchangeCCE) diffusion in the nonreconstructed
recent molecular-dynamic§MD) simulations! the in-  geometry. There, RGL potentials give 0.28 and 0.46 eV for
channel jump mechanism for diffusion of Pt on reconstructedCJ and CCE, respectively, to be compared to effective
P{110 has been investigated. In particular, the single- andnediunt® (0.27 and 0.55 e)/and embedded atoh(0.34
double-jump rates have been calculated, and it has beedd 0.42 eV or 0.25 and 0.40 eV, depending on the param-

shown that double jumps have indeed a higher activatiogtrization. _ _ .
barrier than single jumps. The results here presented are obtained by microcanonical

Here we Study the diffusion of Au on reconstructed MD simulations in the range 450-625 K. At these tempera-
Au(110 by molecular dynamicsMD) simulations, and tures, thermal expansion is not negligible and it has been
show that, even on that channeled surface, diffusion cannd@ken into account as in Ref. 6. The solution of the equations
simply be considered a one-dimensional phenomenon, sing motion is achieved by the standard Verlet algorittm,

a new diffusion mechanism plays an important role. In factWith time steps in the range 3.5-7 fs dependingTorOur

we show that diffusion may happen via two completely dif- System consists of #110 slab with missing-row recon-
ferent mechanisms: in-channel jumps and metastable wall@ructed surfaces. A top view of a portion of the recon-
(MW’s). In-channel jump diffusion follows the usual path: structed surface is drawn in Fig. 1, where the adatblack

the adatom starts from a given cell and move to another bgircle) is in one of the in-channel minima, the dark gray
crossing one or more saddle points in the in-channel direccircles are the top-row atoms, the light gray circles are the
tion, essentially on a straight line. If the cell of arrival is a atoms of the second layer and the white circles the atoms of
NN of the cell of departure, the adatom makes a single jumjhe third layer. Theiize of the slab is of seven and eight cells
(J4), otherwise a multiple jumpJ,, J;, etc). Metastable in the in-channe[110] (horizontal direction in the figupe
walks follow completely different trajectories: the adatom and in the cross-channgd01] directions, respectively. Peri-
climbs up to a metastable minimum on one of #fid1) odic boundary conditions are imposed in the surface plane
facets of the channel, then diffuses fast along that facet andnd the slab is 17 layers thick in the perpendicular direction.
finally jumps down in the channel, again either in a NN cell Examples of trajectories concerning typical events are
(MW, events or in a more distant one (MYy MW, etc). given in Fig. 2. There, the trajectories of the adatom, of the
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NN N N A the plane of the channel facet where it takes place.

FIG. 1. Top view of a portion of the missing-row reconstructed
Au(110 surface, with an adatortblack circle in one of the in-
channel minima. The dark gray, light gray, and white circles are th
first-, second- and third-layer atoms, respectively.

tively). These kinds of events have been considered in Ref.
4. However, jumps are not the only events in our simula-
e[ions, since the phenomenology is much richer, as shown in
the three panels of the right column of Fig. 2. There, single,

top layer atoms and of the second layer atoms are reprélouble, and triple metastable walks are shown, Tat
sented in black, dark gray and light gray, respectively. All=450 K. In a MW, the adatom leaves the in-channel
trajectories are projected into @10 plane. The simplest Minima(sitesA in Fig. 1) jumping in a metastable minimum
diffusion events on this surface occur on a straight line, a¢sites B), diffuses fast on thg110 facet of the channel
can be seen in the left column: single, double, and tripléhrough site<C andB and finally is trapped again in one of

jumps (as in the top, middle, and bottom left panels, reSIOeCIhe in-channel minima. The adatom may stop for short times
in any of the intermediat® and C sites; however, direct

moves from a sit€ to a siteA or to another site€C, or from

- ) ; a siteB to another sitd3 are rather frequent, especially at the
& ’ b & * e e ® @ highest temperatures. The occurrence of these direct moves
has been found in simulations of the higradatom diffusion

- “Kg on (112) flat surfaces of goftf and other metal®’ In Fig. 2,

because of an effect of perspective, one might have the im-
- A N - i) pression that MW trajectories pass through on-top sites on

@ & @ ® % @ Q & & the facets. This is not the case. For instance, in Fig. 3, the

trajectories of the MW of Fig. 2 (middle panel of right

o e 8 @ = & & @ @ @ column are projected onto the plane of the channel facet. It

is evident that the walk on the facet resembles a diffusion

M trajectory on a flat111) surface, with hopping via bridge
sites. The adatom may also hop from a gitéo a siteB and

o _ L then come back to the same she(either directly or after
@ % @ & ﬁ ﬂ 2 @ ‘# @ some wandering on the fagefThese events do not contrib-

ute to diffusion. We remark that the duration of a MW is

y ; & ) ' short compared to the typical in-channel diffusion times:
ﬁ ® e e o &= * e » e even at the highest (625 K) the adatom spends on the

M average less than 2% of the total simulation time by wander-
WY ing on the(111) facets.

In Table | the total events happened at six different tem-
) e peratures are countéd At eachT, many independent simu-
& @ @ @ ® o B Q lations have been run, up to the accumulation of 1000 single
jumps. This huge body of statisti¢somparable to those of
FIG. 2. Adatom trajectories in the most important elementarythe eXPe””."e”% has bgen obtalned with d|ffer.ent total

simulation times depending ot for instance, we simulated

diffusion events, projected onto (410 plane. The trajectories of -
the adatom, of the first and second layer atoms are represented fiﬂr a total of 766 and 89 ns at 450 and 625 K, respectively.

black, dark gray, and light gray, respectively. The trajectories’ N general, the fraction of the events giving direct trans-
third-layer atomgwhite circles in Fig. 1 are not plotted. Left col-  POrt to distant cell{multiple jumps and long MW’ com-
umn: in-channel jump eventsingle, double, and triple jumps from Pared to moves tdiN sites is of some percents, as found in
top to bottom. Right column: metastable walksingle, double, and ~pPrevious MD simulations on different transition and noble
triple MW from top to bottom). The simulations have been per- metal surface$;%517at temperatures of the order of half of
formed at 450 K. the melting temperature. However, it must be noticed that at
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TABLE I. Total number of jumps and metastable walks at the
temperatures of the simulations. At eath1000 single jumpsJ;)
were recorded.

450K 500K 550K 575K 600K 625K

J, 15 26 26 34 51 37
I 1 0 0 1 3 1
3 0 0 0 0 1 0
MW, 40 44 59 53 54 72
MW, 8 7 10 9 13 20
MW, 1 5 0 5 4 1
MW, 0 0 0 0 0 1
MW, 0 0 0 0 0 1

anyT, a considerable fractiofsay, 25% on averagef these
events are MW. For instance, d@=450 K we find 15
double jumps and 8 double MW'’s, and, at 625 K, 37 double
jumps and 20 double MW's. Concerning triple moves, the
statistics is poor; however, we find a total ofJg and 16

MW3's. Therefore, there is a clear indication that MW'’s are
even more important for direct transport to distant cells.

Concerning single MW's, their relative frequency with re- the channel in a cell at distancefrom the starting one. Let

Spi?t to ;inglehjumhps decreases Wgh d t th us assume that the temperature is sufficiently low so that the
ssuming t at.t e temperature dependence ol the rates it sion barriers are given by the static energy barriers, as
of the different kind of events follow the Arrhenius lamw calculated above, and that dird&t>B or C—C moves(or

. J ’
=roexp(=pEa) (B=1kgT) we find for E;'=0.29+0.01,  eyen cross-channel diffusion events, which are indeed rare
E;2=0.43t 0.03, E':Wl:O.S?i 0.02 and EQ"W2=O.43 are negligible®’ In this case, each time an atom is in a site
+0.05 eV. It can be noticed thﬂiZ:EMWZ and E;‘2> gt B,ithas a probabilityp of moving to site<C (to its left or its

a a - o . . .
The latter inequality is consistent with the resuits of simula-19ht) and a probability X-p of jumping back in the channel

tions of single and double jumps on reconstructet. F8 to siteA. Whe_n the atom is |rC. it can move only to one of
(Ref. 4 and other metal surfacdsnd with the experimental N nearby sites.p can be written as
findings?>

In order to elucidate the origin of the different diffusion p= 2vpc exp— BEsc)
processes, we have calculated the energy barriers for the 2vgc exp(— BEgc) + vga eXp(— BEga)
moves between the different minima of kindgB,C by _
quenched molecular dynamitsA contour plot of the ada- At low T p<1, since pxexy—BAE], where AE=Egc
tom energy is given in Fig. 4, for the same portion of the ~Esa- Simple random walk considerations show that the
surface represented in Fig. 1. The contour plot has been offrobability P, of making a MW, is
tained fixing thex andy coordinates of the adatom and let-
ting all the others degrees of freedom of the slab relax. This _ 2 (2N)! CoNN
has been done on a grid of 20 points per unit cell. The Pn=Cn 2 mz p(l-p), (@
stable and metastable minima and the preferential diffusion
trajectories(both the straight trajectory along the channelwith c¢,=2 for n=1 and co=1. At low T, P,xp"
and the half-hexagons on the fagease clearly visible. We o exp(—nBAE), and the frequency of a MyMs proportional

find the following static energy barriers: for single jumps to exg —B(Exg+nAE)]. This model leads thus to a barrier of
Exa=0.31 eV, for moves from in-channel minima to meta-

stable B sites E,g=0.40 eV, for the reverse movEgs AE,=Epg+nAE 3

=0.06 eV, for moves fronB sites toC sites and vice versa

Egc=Ecg=0.10 eV. The latter barriers are very close tofor a MW, event; our calculations for A@10 give of

those found by RGL potentials in the case of diffusion on theAE;=0.44 eV andAE,=0.48 eV, andAE;=0.52 eV for

flat Au(111) surface'? MW;. The agreement okE; andAE, a with the activation
The fact that MW, MW, (and in general MWy pro-  barriers from the Arrhenius plots can be considered as rea-

cessepare characterized by different activation barriers maysonable, since the latter are obtained at Higlhvhere many

be understood by a simple hopping model, which would als@assumptions of the above random walk model are question-

give an indication on the diffusive behavior at IwLet us  able. In any case, we remark that both the Arrhenius plots

assume that the atom has just moved from the channel to @nd the random walk model indicate that the activation bar-

metastable sitdB. This happens with a rate,g=vageXxp  riers increase with the length of the MW by small amounts.

(—BEag)- Once the atom is there, we may ask for the prob-On the other hand, the Arrhenius plots show that the barrier

ability of making a MW of lengtm, i.e., of jumping back in  for double jumps is much larger than that for single jumps,

FIG. 4. Contour plot of the adatom ener@fter quenchingfor
the same portion of the surface represented in Fig. 1. The half
hexagons on thél11) facets are clearly visible.
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and, since triple jumps are extremely rare, one may infer thafiore being trapped again in the channel. This new mecha-
longer jumps are characterized by much larger barriers. Imism is important for what concerns the events in which
this case, the dominant mechanism for direct mass transpodirect transport to distant sites occurs. In fheange 450—
to large distanceémore than two lattice spacingaould be 625 K, we have found that about 25% of the events leading
via MW. to direct mass transport over two cells takes place via meta-
In conclusion, we have shown that the strongly anisostable walks. Moreover, our simulations indicate that meta-
tropic diffusion of Au adatoms on the reconstructed 1.0 stable walks may be dominant for direct transport over three
surface takes place by two different mechanisms, jumps andr more cells. Considerations following from the Arrhenius
metastable walks. Besides the usual in-channel jump diffuplots of the different diffusion processes, and from a random
sion, there is the possibility of a new diffusion path, in which walk model based on the static energy barriers, suggest that
the adatom climbs #111) facets of the channel and then the new mechanism should be important for direct transport
diffuses among the metastable minima along that facet, beae distant sites also at lower temperatures.
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