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Correlated Jump-Exchange Processes in the Diffusion of Ag on Ag(110)
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It is shown by molecular-dynamics simulations that correlated processes involving both
jumps and exchanges become important in the diffusion of A4g§110) at temperatures around
600 K. Silver is modeled by many-body potentials derived in the framework of the tight-binding
model. [S0031-9007(96)00322-5]

PACS numbers: 68.35.Fx, 05.60.+w, 66.30.Fq

The diffusion of adatoms on metal surfaces may occubinding model [16]. Those potentials describe correctly
by different mechanisms; not only uncorrelated jumpsrelaxations and reconstructions of noble metals [15]; re-
between nearest-neighbor sites are possible, but alsently, they have been employed in the simulation of
exchanges and long jumps. In the exchange-mediateadatom and dimer diffusion on fcc transition metal sur-
diffusion, the adatom enters the substrate and replaces ofeces [17,18]. In particular, it results that RGL poten-
atom of the latter by pushing it above the surface; in thdials predict, in agreement with all known experimental
long-jump diffusion, the adatom starts from a given siteresults, whether exchange-mediated diffusion is a favor-
then it may make a flight and finally thermalize in a cell able process on different flat surfaces of the above metals
which is not a nearest neighbor of the cell of departure. [17]. The form and the parameters actually used in the

The occurrence of exchange-mediated diffusion hagresent simulations are given in Ref. [19].
been shown in many different systems [1]. Interchan- Our system consists of @10) slab of the thickness
nel diffusion on fcc(110) surfaces was discovered in of 12 layers; each layer contairis X 7 atoms; periodic
Pt/Pt(110) and Ni/Ni(110) [2]; the exchange mechanism boundary conditions are applied in the surface plane. On
was then predicted by molecular-dynamics (MD) calculathe topmost layer we put the diffusing adatom.
tions [3] and experimentally discovered inAW(110) [4]. Before starting the high-temperature simulations, the
The possibility of exchanges on the more compdét)  static energy barriers for the elementary diffusion pro-
surfaces has been predicted by MD simulations [5] andesses have been calculated by quenched molecular dy-
discovered in different experiments [6]. Recently, MD namics [20]. In particular, we computed the diffusion
simulations on thé&100) faces of Cu [7] and other metals barrier for jumping along the channeEJ7-|, the one for

[8] have shown that complicated exchange mechanism$,mping across the channefs and the one for the sim-
involving the displacements of more than two atoms, OCple exchange (which corresponds to processeand e,

cur at high temperatures. in Fig. 1) E,. The results are reported in Table I, where
The possibility of long jumps (often called correlated

jumps) has been investigated both experimentally [9,10]

and theoretically [11-13]; the experiments show that long
jumps occur, for instance, inAw(110), Na/Cu(001), and .Q.Q‘O.Q . .Q.O‘@.O
Pd/W(211). 1

In this Letter, we show by MD simulations that new °0=0 — o000

mechanisms become important in the diffusion of Ag
on Ag(110) as the temperature is raised to ab60d K: 0000 0000

precisely, correlated jump-exchange, exchange-jump, and

exchange-exchange processes (see Figs.1-3). nthat @ @ @ @ 9000
system, interchannel diffusion occurs by exchanges at any OO0 e OQOO
temperature; at high temperatures it happens that about Q00 ; C Y KX )
25% of the total interchannel-diffusion events is repre- OO0 O0O000O
sented by correlated events of the above kinds. The 0000 0000

Ag(110) surface presents close-packed rows and channels _ _ _
along the[110] direction (horizontal direction in the fig- FIG. 1. Schematic representation of the simple excharges
ures); the perpendicular direction is tf@1]. Silver is and e;. The black star represents the adatom initially in the

. . hannel; black circles correspond to the atoms of the surface
modeled by many-body potentials of the kind d(:"Ve|0pecfows; white circles correspond to those of the layer below. The

by Rosato, Guillopé, and Legrand (RGL) [14,15] on therow atom which participates in the exchange with the adatom
basis of the second-moment approximation to the tightis singled out as the white star.
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0000 . eoo0o e A, 12 e
.O‘O@O.O — .O.O®@.O across the channek, is the barrier for exchan,ge. The CEM
. results are taken from Ref. [21].
®O00 ¢ 0000 . — =
.... < ..‘. G OJZS 0183 0L38
RGL . . .
’ . . ‘ ‘ . . . CEM 0.26 0.34

the adatom, the simulation is stopped. Having stopped the
simulations each time there is a spontaneous breaking of
FIG. 2. Schematic repre_sentation of pOSSIble Correlate.d ]Umpa row, the exchange events reported |n Tab'e 1] refer On'y
exchange fe), exchange-jump«(j), and jump-exchange-ump 4 concerted exchanges [23], and not to events in which,
(jej) processes. Symbols as in Fig. 1 at first. an isolated vacancy i X
, y is created in a row and later
the vacancy is filled by an incoming adatom. The spon-
taneous breaking of rows becomes rather frequent at the
they are compared to those given by the corrected effegighest temperature. At the temperatures considered in the
tive medium (CEM) theory obtained by Perkins and De-following, thermal dilation is not negligible. It has been
Pristo [21]; RGL and CEM results are in good agreementietermined at each temperature looking for the value of the
both for diffusion along the channels and for exchangejattice spacing which gives zero crystal pressure [19].
As one may expect, the easiest process is the diffusion The high-temperature simulations display a rather rich
along the channels; the interchannel mobility is possiblyhenomenology, with a large number of simple and
only by exchanges, due to the very high valuezgf. correlated events. Therefore, the mobility of Ag is large,
High-temperature diffusion is studied by running manycorresponding to diffusion coefficients in the range of
independent microcanonical simulations at five differentjg=6 — 10=5 crm2 s~ ! even in the cross-channel direction.
temperatures460, 550, 600, 650, and670 K). The solu-  |n order to discriminate the correlated events, a criterion
tion of the equations of motions is achieved by the stanmust be given; we follow the one described in Ref. [19],
dard Verlet algorithm [22], with a time step @ffs. Some  with a cutoff time ofr = 2 ps. The latter is comparable
simulations were run with a time step 86 fs as a check to the time necessary to cross a lattice spacing at the
of the occurrence of the correlated events. average thermal velocity. A particle is considered as
As we are interested in single-atom diffusion on thethermalized in a given cell if it spends a longer time there
otherwise perfect surface, data are taken when only onganr. For instance, let us assume that the adatom starts
adatom is present on the surface; if an atom of the topmosgf jump from the first cell and finally stops in the third
layer leaves the row by itself, without being pushed bycell. This process is counted as a double correlated jump
if the adatom spends in the second cell a time shorter than

OO OO0 OO GO
U KGR ) 00 0
Q Q O O ec O O O O TABLE Il. Results of the MD simulations of diffusion of Ag
. . @ . — . . @ ‘ on Ag(110). Five temperatures have been consideregl.is
O @ O O O Q O Q the total simulation time at each temperature (in ps). At each
0000 ® . . . temperature, the numbers of single, double, and triple jumps
along the channels{, j,, andjs, respectively) and of the other
O O O O O @ O O events discussed in the text (see Figs. 1-3) are reported.
000 o0 e 450K 550K 600K 650K 670K
.O.O@O.O S .O.O®O‘O o 13000 5900 4400 3700 2800
® OO0 OO00O0 Ji 98 135 142 153 130
J2 5 4 13 10 5
0000 0000 2 5 1 5 1 5
FIG. 3. Schematic representation of possible correlated; 5 13 18 21 30
exchange-exchangeed) and jump-exchange-exchangged) ey 11 15 17 27 19
processes. The black star represents the adatom initially in the: ande; 0 0 8 10 12
channel; black circles correspond to the atoms of the surfacg, ; 0 0 0 1 3
rows; white circles correspond to those of the layer below.,, 0 2 1 2 1
The row atoms which participate to the double exchange g, 0 0 0 1 0

singled out as the white star and the white cross.
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7, otherwise two single jumps are counted. The samevhereas the occurrence of correlated jumps in[the)]
criterion applies to all the correlated processes. direction is not dramatically affected by the temperature.

The different diffusion processes are represented in Correlated exchange-exchange  processédso
Figs. 1-3, apart from jumps along the channels (singleexchange-exchangerd, see Fig. 3) or jump-exchange-
double, and triple jumps, indicated by, j,, and j3  exchange fee) events are possible, but they are rare at
in Table Il). The total results, given in Table Il, can be any temperature. The statistics is very poor and it is not
summarized as follows. possible to draw any conclusion from the data.

Jumps along the channelsThis kind of event gives A qualitative explanation for the occurrence of the
the most important contribution to the diffusion in the correlated processes described above may be given in the
[110] direction. Single jumps represent more ti8&% of  following terms. Around600 K, a strong anharmonicity
the total number of jumps at any temperature; almost alin the surface phonons on Ag0) appears. This has
long jumps are double. This percentage is in agreemettteen demonstrated both by helium scattering experiments
with the results of MD simulations concerning diffusion [28] and by embedded-atom simulations [29]. We too
along straight steps on thélll) face of Ag [19]. have computed the mean-square vibrational amplitude
The fraction of long jumps is not strongly temperature(u?) of the top-layer atoms (the row atoms depicted by
dependent. There is some indication of a slight increasblack circles in the figures); the results for the vibration
up to 600 K and then of a rather sudden decrease at thperpendicular to the channel (along f6e1] direction) are
highest temperatures. A slow increase of the fraction oshown in Fig. 4. The latter vibration is in fact strongly
long jumps with temperature is consistent with the resulanharmonic; its average amplitude increases strongly at
of a one-dimensional Brownian model of diffusion with high temperatures. As the amplitude of this vibration
temperature-independent friction [13,19]. Interchannelncreases, it may happen, for instance, that the adatom,
jumps never happened in the simulations. instead of making a long straight jump along the channel,

Simple exchanges-They correspond to processes is pushed or pulled in the perpendicular direction by
and e, in Fig. 1. Evente; contributes to diffusion in a row atom, thus making a correlated jump-exchange
both directions, whereas, contributes only to diffusion process. This is consistent also with the observation of
in the [001] direction. From the data in Table Il, both a drop in the frequency of long in-channel jumps at the
e; ande, seem to have essentially the same probabilityhighest temperatures, as the strong perpendicular row-atom
This means that the memory of the initial direction of vibrations reduce the availability of long straight paths.
the incoming atom is lost in the exchange process. An In conclusion, we have shown that the high-temperature
explanation of this result may be related to the fact thatdiffusion of Ag on Ag110) may proceed by many differ-
during the exchange mechanism, the two atoms havent elementary mechanisms. Single and long jumps along
to pass through a dumbbell-like configuration [24,25],the[110] direction and simple exchanges are common at
which is symmetric on the surface plane. This result
indicates that AgAg(110) may behave in a different way
from Pt/Ni(110) and Ir/Ir(110). In the latter systems, A 0.075
the experiments [26,27] showed that mechanismis ~
preferred. -

Correlated exchange-jump and jump-exchange Vv 0.065 L
processes—These events are formed by jumps along the ;
channels correlated with exchanges with the atoms of the 0.06 |
[110] rows. Examples of possiblej (exchange-jump), -

0.07 F

je (jump-exchange), ange; (jump-exchange-jump) are 0.055 ¢

depicted in Fig. 2. At550 K and below none of those 005 F

events is observed but already68d K we find 35 simple ’

exchanges and correlated events of the above kinds. 0.045 [

At 650 and 670 K the fraction of correlated events is -

even larger. The sudden appearance of correlated event 0.04 ¢

within a rather small increase of temperature may resem- -

ble the field-ion-microscopy results in Ref. [10] about the 0-035

diffusion of Pd on W211). Diffusion on that channeled 0.03 C il L

surface is one dimensional; it has been found that a large 450 475 500 525 550 575 600 625 650 675
fraction (about25%) of long jumps along the channels T

?ppe?gsz ?SlggeKteertegature IS tral_sedl ?y Iesi it FIG. 4. Average square amplitude®) of the vibration of
rom 0 - In the present simulalions, NOWEVET, e top layer atoms (black circles in Figs. 1-3) in {io@1]

we find a dramatic change in the frequency of events injirection (perpendicular to the channels) at the temperatures of
which the correlation is between jumps and exchangeshe simulations. («?) is in A> and T in K.
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