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Jumps and concerted moves in Cu, Ag, and Au„110… adatom self-diffusion

F. Montalenti* and R. Ferrando†

INFM and CFSBT/CNR, Dipartimento di Fisica dell’Universita` di Genova, via Dodecaneso 33, 16146 Genova, Italy
~Received 12 October 1998!

We present a molecular-dynamics simulation of self-diffusion on the~110! surfaces of Cu, Ag, and Au. The
metals are modeled by semiempirical potentials developed in the framework of the second-moment approxi-
mation to the tight-binding model. The energy barriers for the relevant diffusion processes are calculated by
quenched molecular dynamics and compared with the available data in literature, obtaining a good agreement.
The occurrence of long jumps is investigated in detail, showing that the three metals behave quite differently
with this respect: long jumps are practically absent in Au and frequent in Cu. The effect of the specific features
of the potential-energy surface and of the energy dissipation to the substrate on the probability of long jumps
is investigated. The Arrhenius behavior of the jump rate is discussed, and deviations are found at high
temperatures. Concerning correlated jump-exchange processes and double exchanges, we find that they are
common in Cu even at rather low temperatures, whereas they are never observed in Au, Ag showing an
intermediate behavior.@S0163-1829~99!01808-1#
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I. INTRODUCTION

The study of isolated adatoms diffusion on metal surfa
is an important step in the understanding of many proper
of technological interest, for example, in the fields of th
film growth and catalysis.1,2 Due to the development of dif
ferent experimental techniques@mainly field ion microscopy
~FIM! and scanning tunneling microscopy~STM!# it is pos-
sible to determine the microscopic mechanisms of diffusi
Many different diffusion mechanisms have been discover
In fact, the diffusion of adatoms on metal surfaces may oc
not only by uncorrelated hops between nearest-neigh
~NN! sites on the surface lattice, but also by exchanges~Ex!
or by long jumps~in the following j n will indicate ann-sites
jump!. In the exchange-mediated diffusion, the adatom
ters the substrate and replaces one atom of the latter by p
ing it above the surface; in the long-jump diffusion, the ad
tom starts from a given cell, then it makes a flight and fina
stops in a cell that is not a nearest neighbor of the star
one.

The occurrence of exchange-mediated diffusion has b
shown in many different systems.2 A fast cross-channel dif-
fusion on fcc~110! surfaces was discovered in Pt/Pt~110! and
Ni/Ni ~110! a long time ago.3 Since cross-channel jump dif
fusion is not likely to happen~the adatom has to climb up
row!, this strong mobility was first explained by a two-ste
mechanism: at a certain time, a vacancy is created in a
and later the vacancy is filled by the original adatom. Ho
ever, molecular-dynamics~MD! calculations4 showed that
the two-step mechanism would be energetically much
favorable than a concerted exchange process. Moreover
has to assume that vacancies are created in the vicinity o
adatom, in order to have a reasonable probability of be
filled in a short time. Later, the occurrence of the exchan
process has been demonstrated experimentally in W/Ir~110!.5

Also on the more compact~100! surfaces, exchange diffu
sion is possible. This was already predicted on a
Lennard-Jones crystal surface by MD simulations,6 and then
it has been experimentally discovered on fcc surfaces of t
PRB 590163-1829/99/59~8!/5881~11!/$15.00
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sition metals, such as Pt and Ir,7 that exchange is the domi
nant diffusion mechanism. Recently, MD simulations on t
~100! faces of Cu~Refs. 8 and 9! and other metals10 have
shown that complicated exchange mechanisms, involving
concerted motion of many atoms, become important at h
temperatures.

The occurrence of long jumps~often called correlated
jumps! has been demonstrated experimentally in differ
systems,11–14 such as Ir/W~110!, Na/Cu~001!, Pd/W~211!,
and Pt on missing-row reconstructed Pt~110!. The possibility
of long jumps has also been investigated from the point
view of the theory;15–23such events have also been found
many molecular-dynamics simulations~see, for example,
Refs. 9,24–30!. However, we remark that it is not easy
extract general trends from experimental data for what c
cerns the occurrence of long jumps. In fact, similar syste
behave in very different ways. For example, in FIM expe
ments on metal adatom diffusion on a channeled surface
W~211!, the following results were found:11,13 in the case of
Re and Mo there was no evidence of long jumps near ro
temperature; for Ir and Rh few (;3%) long jumps were
found; and finally, in the case of Pd there was a signific
fraction (;20%) of long jumps already well below room
temperature.

In this paper we study the diffusion of adatoms on t
~110! surfaces~see Fig. 1! of Cu, Ag, and Au by MD simu-
lations, up to temperatures of the order of half of the melt
temperatureTM . We shall focus our attention on all th
above-mentioned correlated diffusion processes. In the c
of Au we consider only the (131) geometry, which is easily
compared to the corresponding surfaces of Cu and Ag,
latter metals being more stable in the (131) geometry. The
(110)(132) surface of Au, which is the most stable for th
metal, has been studied elsewhere.31

Cu, Ag, and Au are modeled by tight-binding many-bo
potentials as developed by Rosato, Guillope`, and Legrand
~RGL!.32,33The RGL potentials reproduce the surface reco
structions of noble metals.33 They have been widely used i
the simulation of diffusion on transition- and noble-me
5881 ©1999 The American Physical Society
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5882 PRB 59F. MONTALENTI AND R. FERRANDO
surfaces,9,29,34 where they predict the dominant diffusio
mechanisms, in agreement with the experimental resul35

On the~110! surfaces of the noble metals, diffusion procee
by jumps in the in-channel@11̄0# direction and by ex-
changes in the cross-channel@001# direction, the cross-
channel jump requiring a very high activation barrier.29,36,37

At high temperatures, long jumps and other correlated
change mechanisms~CEx!, such as jump exchanges, doub
exchanges, and others, may appear. This has been show
MD simulation of Ag~110!,29 and here we investigate if thes
mechanisms are common to the nonreconstructed~110! sur-
faces of other metals, like Cu and Au. As can be seen in
following, Cu, Ag, and Au present different behaviors. Co
related jump-exchange events are frequent even at rathe
temperatures in Cu, are possible in Ag only above;550 K,
and are practically absent in Au. Also, long jumps are mu
frequent in Cu than in Ag and practically absent in Au.

The paper is organized as follows. Section II contains
description of the RGL potentials. Section III contains t
results concerning the static energy barriers for the differ
diffusion mechanism; here we make a rather comprehen
test of the reliability of RGL potentials comparing their r
sults with those obtained by other semiempirical potenti
by ab initio calculations, and by experiments. We consid
also the~100! surface because there bothab initio results and
experimental data are available. Section IV contains the
sults of the high-temperature simulations of adatom diffus
on the unreconstructed~110! surfaces of Cu, Ag, and Au
and Sec. VI contains the conclusions.

II. MODEL

As is well known, metals cannot be realistically model
by means of pair potentials, such as Lennard-Jones
Morse,38,39 and it is necessary to employ many-body pote
tials. Because of this, many different semiempirical pot
tials have been proposed for transition and noble met
effective-medium theory,40 the glue model,41

embedded-atom,42 Sutton-Chen,43 and RGL potentials. The
latter will be employed in the following calculations. By th
semiempirical potentials, it is possible to give a reasona
accurate description of the metals with a computational
fort of the same order of magnitude of the one required
pair potentials. In this way, simulations with thousands

FIG. 1. The~110! surface geometry. The solid dots are the to
row atoms and the open circles are the atoms of the layer
below.
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atoms on time scales up to hundredths of nanoseconds
feasible. However, since those potentials are built on ra
crude approximations of the electronic structure of the m
als, their reliability must always be checked against exp
ments andab initio calculations.

The many-body RGL potential has been developed in
framework of the second-moment approximation~SMA! of
the density of states in the tight-binding model.32,38,44–46In
the SMA, the band energyEb

i for a given atomi is propor-
tional to the square root of the second moment of the lo
density of states; the latter is written as a sum of squ
hopping integrals~with an exponential dependence on t
interatomic distance! between the neighbors. For a derivatio
of the SMA for noble metals see Ref. 47~the usual deriva-
tion better applies for the transition metals, whosed band is
not completely filled!. The band energy gives an attractiv
many-body term; the stability of the crystal is insured
adding a phenomenological core-repulsion termEr

i of the
Born-Mayer type. Thus, the total energy of atomi is the sum
of Eb

i andEr
i . Eb

i reads:

Eb
i 52H (

j ,r i j ,r c

j2 expF22qS r i j

r 0
21D G J 1/2

, ~1!

wherej is an effective hopping integral,r i j is the distance
between the atomsi and j, r c is the cutoff radius for the
interaction,r 0 is the first-neighbor distance~2.89 Å in Ag,
2.88 Å in Au, and 2.56 Å in Cu!, andq gives the distance
dependence of the hopping integral.Er

i is written as

Er
i 5 (

j ,r i j ,r c

A expF2pS r i j

r 0
21D G . ~2!

The cohesive energy of the crystal is then

Ec5(
i

~Eb
i 1Er

i !. ~3!

The parameters (j,A,p,q) are fitted to the experimenta
values of the cohesive energy, the lattice parameter, the
modulus, and the elastic constantsC44 andC8. The cutoffr c
is taken as the second-neighbor distance. The values us
the following are p510.55,q52.43,A50.089 38 eV, j
51.280 eV for Cu;p510.85,q53.18,A50.10 31 eV, j
51.190 eV for Ag; and p510.53,q54.30,A
50.21 97 eV,j51.855 eV for Au.

III. CALCULATION OF THE STATIC ENERGY
BARRIERS

The static energy barriers for the different diffusion pr
cesses are obtained by quenched molecular dynamics.48 A
detailed account of our procedure is found in Refs. 28 a
49.

In order to test the quantitative accuracy of the diffusi
barriers for Ag and Cu, as calculated by RGL potentials,
compare our values with those obtained by experimentsab
initio calculations, and other semiempirical methods on
~100! and ~110! surfaces of these metals. Unfortunately,

-
st
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TABLE I. Diffusion barriers on~100! surfaces.

Process RGL EM CEM EA~VC! EA~AFW! LDA GGA Experiment

Cu jump 0.39 0.40a 0.47c 0.53d 0.38d 0.65-0.75g 0.51-0.55g 0.3960.06j

0.3660.03k

0.40l

0.2860.06m

Cu exchange 0.79 0.43c 0.79d 0.72d 1.03-1.23g 0.82-0.96g

Ag jump 0.43 0.37a 0.41c 0.48d 0.48d 0.52h 0.45h 0.4060.05n

0.38o

Ag exchange 0.61 0.61a 0.58c 0.60d 0.75d 0.93h 0.73h

Au jump 0.51 0.49b 0.84d 0.64d 0.83i 0.58i

Au exchange 0.41 0.32d 0.30d 0.65i 0.40i

Cu along steps 0.26 0.26a 0.25f

Ag along steps 0.25 0.22a 0.26e 0.30h 0.27h

Au along steps 0.32 0.30b

Cu jump descent 0.71 0.58a 0.77f

Cu exchange descent 0.52 0.63a 0.51f

Ag jump descent 0.59 0.48a 0.70h 0.55h

Ag exchange descent 0.55 0.52a 0.52h 0.45h

Au jump descent 0.57 0.55b

Au exchange descent 0.51 0.53b

aFrom Merikoskiet al. ~Ref. 51!. iFrom Yu and Scheffler~Ref. 58!.
bFrom Stolze~Ref. 52!. jFrom Breeman and Boerma~Ref. 59!.
cFrom Perkins and DePristo~Ref. 53!. k From Durret al. ~Ref. 60!.
d From Liu et al. ~Ref. 36!. lFrom De Miguelet al. ~Ref. 61!.
eFrom Nelsonet al. ~Ref. 54!. mFrom Ernstet al. ~Ref. 62!.
fFrom Karimi et al. ~Ref. 55!. nFrom Langelaaret al. ~Ref. 63!.
gFrom Boisvert and Lewis~Ref. 56!. oFrom Bardottiet al. ~Ref. 64!.
hFrom Yu and Scheffler~Ref. 57!.
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the ~110! surface, experimental results are available only
Au,50 while for the other two metals only calculations b
semiempirical potentials are found in the literature. Beca
of this, we test the reliability of our calculations also on t
~100! surfaces of the three metals, because there either
perimental results orab initio calculations have already bee
performed. The results are summarized in Table I@~100!
symmetry# and Table II@~110! symmetry#.

In the case of the~100! surfaces, we consider the follow
ing processes:~a! diffusion of an adatom on the flat surfac
both by jump via bridge site and byexchange; ~b! diffusion
of an adatom along a straight high-symmetry step; and~c!
r

e

x-

descent of an adatom from a terrace limited by a strai
high-symmetry step, both byjump and byexchange.

RGL results are compared to effective medium~EM!,51,52

corrected effective medium~CEM!,53 embedded atom@in the
Voter-Chen parametrization, EA~VC! ~Refs. 36 and 54! and
in the Adams-Foiles-Wolfer parametrization, EA~AFW!
~Refs. 36 and 55!#, ab initio density-functional calculations
in the local-density approximation~LDA !,56–58ab initio
density-functional results with gradient corrections~GGA!
~Refs. 56–58!, and experimental results.59–64For process~a!,
RGL potentials predict that jump is favored over exchange
Ag and Cu, whereas in Au the opposite happens. This ag
TABLE II. Diffusion barriers on~110! surfaces.

Process RGL EM CEM, MD-MC/CEM EA~AFW! EA ~VC! Experiment

Cu in channel 0.23 0.29a,0.18b 0.08,0.26c 0.24d 0.53d

Cu cross channel 0.29 0.56a,0.26b 0.09,0.49c 0.30d 0.31d

Ag in channel 0.28 0.29a 0.26,0.25c 0.32d 0.25d

Ag cross channel 0.38 0.56a 0.34,0.33c 0.42d 0.31d

Au(131) in channel 0.28 0.27a 0.34d,0.27d 0.25d .0.38f

Au(131) cross channel 0.46 0.55a 0.42d,0.35e 0.40d

Au(132) in channel 0.31 0.40-0.44f

aFrom Stolze~Ref. 52!.
bFrom Hansenet al. ~Ref. 66!.
cFrom Perkins and DePriste~Ref. 37!.
dFrom Liu et al. ~Ref. 36!.
eFrom Roelofset al., ~Ref. 65!.
fFrom Guntheret al. ~Ref. 50!.
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5884 PRB 59F. MONTALENTI AND R. FERRANDO
well with all ab initio results and with both EA calculations
while CEM predicts that exchange is favored also in Cu. T
experimental data in Cu and Ag are in very good quantita
agreement with the RGL values for the jump mechani
~except for the last experimental value in Cu, which give
much lower barrier!. We notice that the experiments do n
determine the diffusion mechanism, but since most calc
tions indicate that in Ag and Cu jump diffusion should pr
vail, there is a strong indication that the measured barrie
the one for jump diffusion. For process~b!, all available
calculations give results in good agreement with each o
in any of the three metals. For process~c!, RGL calculations
predict that exchange descent should always prevail. T
agrees with theab initio results in Ag and with the
EA~AFW! calculations in Cu. On the contrary, the EM r
sults predict jump descent in both Ag and Cu~however the
energy difference between the two mechanisms are ra
small!.

In the case of the~110! surface~see Table II!, experimen-
tal results~by STM50! are available only in the case of Au
both in the (131) and (132) geometries. In this case, RG
potentials correctly predict a slightly higher diffusion barri
~by about 10%! for the (132) with respect to the (131).
However, the absolute values of the barriers are smaller
in experiments. On the other hand, all the calculations
semiempirical potentials underestimate the barrier for dif
sion on the (131),36,65 the lowest and the highest resul
being given by EA~VC! and by EA~AFW! calculations,
respectively.36 A detailed comparison in the case of Cu a
Ag can be done only with other calculations. We consid
EM,52,66 CEM and MD-MC/CEM,37 EA~AFW!,36 and
EA~VC! ~Ref. 36! results, for in-channel jump diffusion an
cross-channel exchange diffusion—the cross-channel ju
being very unlikely since it requires a very large activati
energy. In Ag, the available data are all in good agreem
with each other, except for the EM estimation of the e
change cross-channel diffusion barrier in Ag. In Cu, the R
results for in-channel jump diffusion are in reasonable agr
ment with the EM, MD-MC/CEM, and EA~AFW! data,
whereas the CEM and the EA~VC! calculations give a much
lower and much higher barrier, respectively. For cro
channel exchange diffusion, RGL results are in good ag
ment with EA~AFW!, EA~VC!, and one of the two EM cal-
culations. In this case, the other potentials give either v
low or very high barriers.

The above-illustrated comparisons show that on the~100!
surfaces RGL potentials predict the diffusion mechanism
agreement with the availableab initio calculations, and,
where the comparison with experimental data is possible,
quantitative agreement is very good. On the~110! surface,
the comparison with experimental data in Au shows a qu
tatively correct difference between the (131) and (132)
geometries, but the absolute values of the energies are lo
by ;25% than those measured in the experiment. On
other hand, the comparison with the existing literature
very favorable in Ag, while in Cu there is still some deba
We remark however that in Cu~110! RGL potentials agree
with the majority of the existing data and that the data
disagreement predict both very high and very low barrier
e
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IV. HIGH-TEMPERATURE DIFFUSION
ON THE „110… SURFACES

Extensive high-temperature simulations of the diffusi
on the ~110! surface of the three metals have been p
formed. In the case of Cu eight different temperatures
tween 300 and 600 K have been considered. The hig
temperature is well below the temperature at which a sign
cant disordering of the surface occurs.67 In the case of Ag,
data have been taken at 450, 550, and 600 K, whereas fo
we simulated only at 450 K because at higher temperatu
the unreconstructed surfaces disorder quickly. In our simu
tions, Newton’s equations of motion have been solved by
Verlet algorithm,68 with time steps in the range 3.5–7 f
With these time steps, energy is always conserved to be
than one part over 105. The simulations have been performe
on a (738) slab with a thickness of 15 layers and with tw
adatoms~one on each surface of the slab!. Periodic boundary
conditions have been imposed on the surface plane. All
oms in the slab have been left free to move. Thermal exp
sion has been taken into account as explained in Ref. 28

The high-temperature simulations have displayed a r
phenomenology with different kinds of events. We may cla
sify events into three main groups: in-channel jumps, cro
channel exchanges, and correlated jump-exchange~or
exchange-exchange! events. The Secs. IV A–IV C are de
voted to the study of these different kinds of events.

A. In-channel mobility: Arrhenius behavior of the jump rate

In-channel mobility may take place by single and lo
jumps. First, we analyze the temperature dependence o
total jump rater j in Cu. We have chosen Cu because in th
metal it is easier to accumulate statistics down to room te
perature, due to the smaller in-channel diffusion barrier.r j is
obtained at eachT dividing the total number of jumps~see
the linesj 1 and j 2 in Table III! by the total simulation time.
Usually it is assumed that theT dependence ofr j should
follow the Arrhenius law,

r j5r j
0 expS 2

DEj

kBT D , ~4!

where r j
0 is the prefactor andDEj is the activation~or dy-

namic! barrier. In the standard form of the Arrhenius law
which is usually employed for example in fitting the expe
mental data, both the prefactor and the activation barrier
assumed asT independent. In real systems, however, the
may be deviations from the Arrhenius law, and those dev
tions are often accounted for by introducing aT dependence
of the prefactor and of the barrier. Recent literature sho
that a correct way to take into account such deviations is
under debate. Indeed, theoretical calculations on Ag,69,70

Cu,69,70 and Ni70 self-diffusion on the~100! surface, in the
framework of transition state theory and of the quasih
monic approximation to the lattice dynamics, suggested
the activation barrier for jump diffusion should decrease w
T. In particular, at 600 K such barrier should be almost 10
lower when compared to the static one. Boisvertet al.
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TABLE III. Cu self-diffusion on the~110! surface: summary of the events. Few multiple jumps have b
observed also, but they are not reported. Usually, correlated events are in majority jump exchangesje) or
exchange jumps (e j) ~more or less in the same proportion!, with fewer double exchanges (ee) and very few
more complicated processes~such as jump exchange jump etc.!. For instance at 600 K we find 19e j, 14 je,
and 6ee.

T~K! 300 315 350 400 450 500 550 600

Simulation time~ns! 72 45 135 40.3 18.3 7.9 4 3.9
j 1 158 145 971 669 512 335 264 260
j 2 2 5 26 42 37 40 35 41
j 2 ~%! 1 3 3 6 7 11 12 14
Ex 17 14 116 100 109 79 68 73
CEx 0 0 13 16 17 26 22 39
CEx ~%! 0 0 10 14 13 25 24 35
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argued71 that it is true that the energy barrier depends onT,
but linearly so that the effect only causes a prefactor ren
malization and no real temperature dependence of the
vation barrier is present. The same authors explic
showed,72 by MD simulations of Cu/Cu~100! diffusion, that
considering a wide range ofT ~from 100 to 800 K!, no ap-
preciable deviation from the Arrhenius law is found. Apa
from the above-mentioned~possible! corrections to Eq.~4!
due to the lattice dynamics influence on diffusion, ‘‘finit
barrier’’ effects should also be taken into account. We rec
that Eq. ~4! is only asymptotically valid in the limit
DEj /kBT→`. In particular, it has been shown16,78that when
the ratio between the static energy barrier andkBT is smaller
than ;5 deviations from the Arrhenius law should be e
pected. We remark that the way the finite-barrier effe
modify the Arrhenius behavior can be quite different fro
system to system, since they are related to the anharm
part of the force felt by the adatom. In all the abov
mentioned references69–72 the finite-barrier effects should b
negligible up to;1000 K due to the high static diffusio
barriers~of the order of 0.5 eV!.

Here we study this problem in the case of Cu/Cu~110!
considering many different temperatures in a wide ran
~from 300 to 600 K!; at eachT we accumulate a rich statis
tics of events~again see Table III!. In Fig. 2 we report the
Arrhenius plot ofr j in the above-T range and we estimat
DEj and r j in three different ways in order to discuss the
actual temperature dependence. First, we have fitted
Arrhenius law@Eq. ~4!# in the whole temperature range, o
taining DEj50.18660.003 eV andr j

054 ps21. In this
way, DEj turns out to be significantly smaller than the sta
energy barrier~the latter being of 0.23 eV!. However, as can
be seen in Fig. 2, the fitting is rather poor, because the po
at the lowest and the highest temperatures do not accom
date well on the straight dashed line. Both facts (DEj being
smaller than the static barrier and a bad fit of some poi!
indicate that there is some deviation from the stand
Arrhenius behavior at highT.74–77Following this indication,
we have made two further fits: in one we take into acco
only the four low-T points ~up to 400 K!, and another with
the high-T points. The low-T fit is practically perfect; it
givesDEj50.21360.007 eV andr j

059 ps21. In this case
the dynamic barrier is very close to the static one~within
three standard deviations!, indicating that, up to 400 K, there
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is no clear evidence of deviations from the standard Arrh
ius behavior. On the contrary, at highT we obtain a much
lower DEj50.1660.01 eV and a smaller prefactor (r j

0

52 ps21). This result is in qualitative agreement with on
dimensional Langevin approaches,16,78 where it was shown
that the finite-barrier effects cause a lowering of both pr
actor and barrier at high temperatures.@Note that for the
system considered hereEj /(kBT);5 if T;500 K#. We em-
phasize that lattice-dynamics effects could give their con
bution to the barrier lowering as well, but presently we a
not able to separate their contribution from the one given
the finite-barrier corrections. Our results are in qualitat
agreement with those of the simulations in Ref. 73, even
direct quantitative comparison is not possible due to the l
of any information on the statistics of the results in Ref. 7

It is worth mentioning that if instead of the jump rate w
consider the in-channel diffusion coefficientD, which in a
jump-theory framework is given by

D5
1

2
a2r j(

l
l 2pl ~5!

FIG. 2. Arrhenius plot ofr j in Cu. r j is in ps21. Left panel: the
dots correspond to the simulation results, and the line to the be
of the Arrhenius law in the whole temperature range. This fit
poor, since the high-T and the low-T points do not accommodat
well on the line. Right panel: here the simulation results are se
rately fitted in the low-T range~solid line! and in the high-T range
~dash-dotted line!. The low-T fit is practically perfect up to 400 K
~the four points at right!, and its slope is close to the static ener
barrier.
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5886 PRB 59F. MONTALENTI AND R. FERRANDO
(pl is the probability to have anl-sites jump, anda is the
distance between adjacent in-channel minima!, the long-
jumps contribution acts in such a way to restore the Arrh
ius behavior at high temperatures, since the long-jumps
raises with temperature~see Sec. IV B!. Indeed, this can be
easily seen in Fig. 3, where the linear fit turns out to be m
closer to the MD points~compare the fit in the left panel o
Fig. 2!. Moreover, if we estimate the slope of such straig
lines, we obtain an effective barrier of 0.2160.01 eV,
which is within two standard deviations from the static b
rier.

Summarizing, it arises clearly from our results that, ifT is
low enough for the finite-barrier effects to be neglected,
Arrhenius law is very well satisfied, and the correspond
barrier is~within 5%! the static one. These considerations a
validated by our results on Au/Au(110)(132) diffusion pre-
sented in Ref. 31, from which we extract here the Arrhen
plot of the jump rate~see Fig. 4!. For this system the stati
barrier is 0.31 eV, and thus in the whole temperature ra
of the simulations~from 350 to 625 K! small finite-barrier
effects are expected~in fact, the dynamic barrier is 0.28
60.005 eV, which is close to the static one!.

FIG. 3. Arrhenius plot of the in-channel diffusion coefficientD
~divided by the square of the unit-cell lengtha) for Cu/Cu~110!
self-diffusion. D/a2 is in ps21. Due to the compensation comin
from the long-jumps contribution, points now well accommodate
a straight line.
-
te

h

t

-

e
g
e

s

e

B. In-channel diffusion: single and long jumps
in Cu, Ag, and Au

Now we focus our attention on a comparison betwe
in-channel diffusion for the three metals. It turns out that t
static energy barrier for in-channel diffusion is essentially
same in Au and Ag, and somewhat lower in Cu~see the first
column of Table II!. From these data one could expect th
the behavior of adatoms diffusing on those metals would
similar, and the only difference would be that diffusion of C
on Cu is activated at lower temperatures. On the contrary
high-temperature simulations show rather different beh
iors, especially for what concerns the occurrence of lo
jumps. From Table IV it turns out that, at 450 K, long jump
are practically absent in Au, about 3% of the total jumps
Ag and about of 6% in Cu. In the latter metal, at 600
nearly 15% of long jumps are found, a percentage which
never reached in Ag at any temperature.29 In the following
we show that these differences can be understood in term
two factors: the energy dissipation rate of the adatom on
easiest diffusion path and the multidimensional topology
the potential energy surface. As we show in the followin
both factors are favorable for Cu and the contrary happ
for Au.

n

FIG. 4. Arrhenius plot of r j for Au/Au(110)(132) self-
diffusion ~data taken from Ref. 31!. r j is in ps21. The points well
accommodate on a straight line, whose slope is close to the s
energy barrier.
e

ported.
TABLE IV. Single jumps (j 1), double jumps (j 2), exchange cross-channel~Ex!, and correlated exchang
cross-channel~CEx! statistics.j 2 ~%! is calculated over the total number of in-channel jumps, CEx~%! on the
total number of cross-channel events. Few multiple jumps have been found also, but they are not re

Ag Au Cu Ag Cu Ag Cu

T ~K! 450 450 450 550 550 600 600
Simulation time~ns! 30 94.5 18.3 10.1 4.0 4.4 3.9
j 1 210 280 540 209 264 142 260
j 2 6 2 37 8 35 13 41
j 2 ~%! 2.8 0.7 6.4 3.7 11.7 8.4 13.6
Ex 36 15 115 46 64 35 73
CEx 1 0 17 5 22 9 39
CEx ~%! 2.7 0 13 9.8 26 20 35
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Let us consider the energy dissipation on the easiest
fusion path. In all metals, thez coordinates of the minima
and of the saddle points essentially coincide, and there
the easiest diffusion path is a straight line along thex direc-
tion in the middle of the channel. Therefore, the differenc
between the metals are not due to nonrectilinear diffus
paths, as it happens in other cases.28,79 By restricting our
considerations to the easiest diffusion path we reduce
problem to the diffusion in a one-dimensional periodic p
tential. If we assume that the adatom is coupled to the s
strate with a frictionh per unit mass and with ad-correlated
noise,81 it can be shown that the probability of long jump
depends on the dissipation parameterD ~see Ref. 17!, de-
fined as follows:

D5
h

kBTE0

a
A2m@Us2U~x!#dx, ~6!

wherea is the lattice spacing along the@11̄0# direction,Us
is the potential energy at the saddle point, andU(x) is the
potential energy along the easiest diffusion path. In all m
alsU(x) is well approximated by a cosine; ifEb is the static
energy barrier for in-channel diffusion, andkBT!Eb , the
following expression forD is obtained:

D.
2ha

pkBT
A2mEb. ~7!

The friction can be estimated by the decay time of the ma
normalized velocity autocorrelation functionZ(t) along thex
direction

Z~ t !5 1
2 m^vx~ t !vx~0!&. ~8!

If the potential well is sufficiently deep,Z(t) is well approxi-
mated by its expression for a harmonic well, which turns
to be82

Z~ t !5A exp~2ht/2!cos~vt ! ~9!

with Z(0)5A5kBT/2. Let us considerT5450 K, a tem-
perature at which the expression~9! fits well the actual be-
havior of Z(t) as obtained from the simulations for all thre
metals. For example, at that temperature we obtainh
51.5 ps21 in Au. This value is compatible with the on
found by Roelofset al.80 at 400 K, which ish52.6 ps21

~the latter value is determined with an accuracy of abou
factor of 2, as explained in Ref. 80!.

Since theZ(t) shows several oscillations in Cu and A
and fewer in Au~see Fig. 5!, we can expect that dissipatio
would be larger in Au than in the other metals. This is t
case: by fitting the curves shown in Fig. 5 by aZ(t) of the
form ~9!, and using Eq.~7!, one finds thatD is of the order of
10 in all three metals~corresponding to a few percent of lon
jumps15! but DCu/DAg.1.1 andDCu/DAu.0.8. These re-
sults indicate that in gold fewer long jumps should be fou
in agreement with the results of the simulations, but they
not explain the large difference~of one order of magnitude!
in the percentages between Au and Cu~see Table IV!. There-
fore, the one-dimensional model of diffusion along the m
favorable diffusion path, even if it is in some qualitativ
agreement with the results of the simulations, is not su
if-

re

s
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ur
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t-

s-

t
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-

cient. In fact, the explanation of these differences must t
also into account the multi-dimensional topology of the ad
batic potential83 felt by the adatom.

In order to understand this topology, we have calcula
two different potential-energy surfaces by quenched M
First, we have fixed thex and y coordinates of the adatom
within a lattice cell, letting then itsz coordinate and all the
degrees of freedom of the substrate free to relax. In this w
we obtain a two-dimensional~2D! potentialV(x,y) @see Fig.
6, whereV(x,y) is shown for Cu#. From V(x,y) one may
recover the curvatures around the minima and the sa
points. Around the minimum, the curvatures are proportio
to the squares of the frequencies (vm

xx ,vm
yy); around the

saddle point, thex degrees of freedom is unstable and t
corresponding frequency is imaginary (ivs

xx ,vs
yy). Accord-

ing to the multidimensional extension of Kramers theory
activated process,84 the prefactor inr j is proportional to the
ratio

f 5vm
yy/vs

yy . ~10!

This means that the jump rate is larger when the poten
energy surface is wider at the saddle point than at the m

FIG. 5. The velocity autocorrelation functionZ(t) @see Eq.~8!#
for the three metals. The dash-dotted, dashed, and solid lines
respond to Cu, Ag, and Au, respectively.

FIG. 6. Potential-energy surfaceV(x,y) for Cu self-diffusion.
V(x,y) is obtained fixing thex andy coordinates of the adatom an
letting all other degrees of freedom in the system relax.
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mum (vm
yy.vs

yy). Moreover, it has been shown, in mode
potential calculations of diffusion in periodic systems,85 that
the fraction of long jumps increases significantly withf. In
our case we obtainf Au50.92, f Ag50.99, and f Cu51.11.
This indicates again that Au is less favored for long jum
and the contrary happens for Cu.

Another way of looking at the effect of the topology o
the potential on long jumps is to consider the contour plots
V(x,y). In Figs. 7 and 8 we report the contour plots
V(x,y) at the saddle-point energyEh(0)5Es and atEh(T)
5Es1kBT, with T5450 K, respectively.Eh(T) is the av-
erage energy of the particles hopping out from a well a
given T.86 It is evident that Au presents the widest conto
plot at the minimum position and the narrowest at the sad
point, while for Cu the opposite happens. In fact, from F
8, it turns out that the ratio between the width at the sad
point and at the minimum is 0.48 for Cu, 0.32 for Ag, a
0.28 for Au.

Then, in order to also check the vertical motion of t
adatom, we have repeated the above procedure but fixing
x andz coordinates of the adatoms, thus obtaining a poten
V(x,z). Again, the contour plots atEh(T), with T5450 K
~see Fig. 9!, show that Au has the narrowest saddle point a
Cu the largest. In this case, the ratio of the widths is 0.48
Cu, 0.44 for Ag, and 0.40 for Au. In conclusion, Au presen
the most unfavorable potential topology for long jumps a

FIG. 7. Contour plot ofV(x,y) at the saddle-point energyEs .
The dash-dotted, dashed, and solid lines correspond to Cu, Ag
Au, respectively.

FIG. 8. Contour plot ofV(x,y) at the energyEh(T)5Es

1kBT, with T5450 K. The dash-dotted, dashed, and solid lin
correspond to Cu, Ag, and Au, respectively.
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Cu the most favorable. This, together with the somew
higher dissipation, qualitatively explains why long jumps a
very few in Au. In Cu, the better topology overcompensa
for the slightly larger dissipation with respect to Ag.

Another interesting point concerning the fraction of lon
jumps is its dependence onT. By FIM, it has been found in
Pd/W~211! ~Ref. 13! that the percentage of long jumps in
creases from practically 0 to 20 % in a very narrow tempe
ture range~from 122 to 133 K!; on the other hand, in STM
experiments on Pt/Pt~110! (132) ~Ref. 14! the fraction of
long jumps increases withT, but not in such a dramatic way
MD simulations in different systems9,28,29 have shown that
the fraction of long jumps clearly increases withT but not
with changes of orders of magnitude in ranges of 10 K. Fr
the point of view of the theory, the 1D Langevin model wi
T-independent friction15,19 gives an even milder increase o
the fraction of long jumps. Very recent results based o
kinetic theory developed in the framework of the Boltzma
equation23 suggest that a very strong change in the fract
of long jumps, like the one found in Pd/W~211!, should hap-
pen atT around half of the Debye temperatureTD of the
substrate, whereas the behavior at higherT should be much
smoother.

Here we consider theT dependence of the fraction of lon
jumps in the case of Cu, where the statistics is richer. Fr
Table III it can be seen that the fraction of long jumps i
creases from 1.2% at 300 K to about 14% at 600 K. T
increase is evident but not very pronounced~a dramatic in-
crease is not expected because we are aboveTD). However,
if we fit the T dependence of the percentage of long jumps
a 1D Langevin model keeping the frictionh constant, as
done for example in Ref. 28, we obtain a smaller incre
than the one found in the simulations.

C. Cross-channel mobility and correlated events

From the static energy barriers in the first column
Table II, one may predict that cross-channel mobility~al-
ways by exchange, cross-channel jumps being extremely
favorable from the energetic point of view! would be easy in
Cu, more difficult in Ag, and very difficult in Au. These
results are confirmed by the results of the high-T simulations

nd

s

FIG. 9. Contour plot ofV(x,z) at the energyEh(T)5Es

1kBT, with T5450 K. The dash-dotted, dashed, and solid lin
correspond to Cu, Ag, and Au, respectively.
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~see Table IV!. In the three metals, the exchange proc
happens via a slightly metastable configuration at the sa
point, the so-called dumbbell configuration, in which the tw
atoms involved in the process are placed symmetric
along the @001# direction. This configuration was alread
found in many simulations of different systems.36

However, for what concerns cross-channel mobility, w
is more interesting is the occurrence of correlated proces
such as jump-exchange (je), exchange-jump (e j), and
exchange-exchange (ee) events. In Figs. 10, 11, and 12, e
amples of the above processes are presented. We disc
nate correlated processes by requiring that the whole d
tion does not exceed a time of;2 ps, as happens in th
examples reported in the figures.

We remark that in theje and e j processes the adatom
pass again through the dumbbell configuration, as happe
the simple exchange. In theee process, first, a strained row
of three atoms along the@001# direction is created, and the
the strain is released when one atom is pushed into the c
nel.

Those events were already observed in simulations of
fusion of Ag/Ag~110!.29 Here we compare the behavior o
the three metals with this respect atT5450 K and analyze
the behavior withT in Cu.

In Table IV, Cu, Ag, and Au are compared at 450 K.
this temperature, correlatede j and je processes are absent
Au and already rather frequent in Cu. This fact suggests
two factors favor the occurrence of these processes: first
cross-channel-exchange barrier should be small; second
probability of long jumps in the in-channel direction shou
be large. Both things happen in Cu. In fact, aje process can
be described as follows as an attempt of making a dou
jump with a deviation in the orthogonal direction. In a typ
cal je process, the adatom starts from the first cell, cross
first saddle point and then the first-neighbor cell. When
adatom is reaching the second saddle point, it can be pu
or pushed by one of the nearby atoms of the close-pac
rows, deviating along the@001# direction. This process is
clearly more frequent if double jumps are likely to happ
and if the activation energy for exchange is not large, an
is helped by the occurrence of strong lateral vibrations of
row atoms along the@001# direction.

FIG. 10. Exchange-jump process in a simulation of Cu at 450
The adatom~open star! exchanges with one atom of the row~black
star!. The latter does not stop in the nearest cell in the channel
keeps moving to a further cell.

FIG. 11. Jump-exchange process in a simulation of Cu at 45
The adatom~open star! makes a jumps and without stopping in th
nearest cell, exchanges with a row atom~black star!.
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The above picture is confirmed by considering the te
perature dependence of the frequency of correlated proce
between 300 and 600 K in Cu~see Table III!. At low tem-
peratures, the frequency of correlated events follows the
quency of double jumps, being about one half of the lat
At the highest temperature, the frequency of correla
events increases sharply with respect to those of other ev
and this is due to the enhancement of the row lateral vib
tions. It is worth noting that at the highest temperature, c
related events have a very important role in cross-chan
mobility: indeed 35% of the cross-channel events are co
lated.

V. CONCLUSIONS

In this paper the self-diffusion of adatoms on noble-me
surfaces has been studied by molecular-dynamics sim
tions. The static diffusion barriers for the different process
have been calculated by quenched molecular dynamics
both~110! and~100! geometries, obtaining a good agreeme
with the available experimental data and calculations.
large number of high-temperature simulations have been
formed for the three metals on the (110)(131) surface.

The three metals display quite different diffusive beha
iors. Both in-channel and cross-channel diffusion are ea
in Cu than in the other metals; cross-channel diffusion
especially difficult in Au. For what concerns in-channel d
fusion, the occurrence of long jumps has been analyze
detail. Long jumps are practically absent in Au and qu
frequent in Cu, Ag having an intermediate behavior. T
difference comes out from two factors: first, in Au the dis
pation of the energy of the adatom to the substrate is la
than in Cu and Ag; second, and more important,
potential-energy surface at the saddle point is very narrow
Au and wide in Cu. These results show the sensitivity
long jumps to the details of the interaction between the a
tom and the substrate, and suggest that the use of
dimensional models of diffusion may be insufficient also
fcc~110! metal surfaces. The sensitivity to the details of t
adatom-substrate interaction may indicate an explanatio
the experimental results11 showing the absence of gener
trends for the occurrence of long jumps in metal-on-me
diffusion11,13,14~see the Introduction!.

Another important difference among the three met
comes from correlated cross-channel processes. Again
find that they are more frequent in Cu than in Ag, and abs
in Au. These correlated processes are likely when there

.

ut

.

FIG. 12. Exchange-exchange process in a simulation of C
450 K. The adatom~open star! pushes one of the nearest-row atom
~the black star!, which in turn pushes another row atom~the aster-
isk!. In the intermediate configuration~whose lifetime is extremely
short! the three atoms are practically on a straight line along
@001# direction.
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5890 PRB 59F. MONTALENTI AND R. FERRANDO
significant probability of making long jumps and when t
energy barrier for cross-channel diffusion is not large. Mo
over, their frequency rises strongly at high temperatu
when the amplitude of the lateral vibrations of the row ato
becomes large.

Another important point that has been discussed in de
is the temperature dependence of the jump rate, in orde
discuss the existence of deviations from the simple expon
tial behavior of the standard Arrhenius law. To this purpo
we have performed a huge number of simulations for Cu
eight different temperatures in the range 300–600 K.
have found that it is not possible to obtain a good fit of o
data by a simple Arrhenius form with temperatur
independent activation energy and prefactor in the wh
-
s,
s

il
to
n-
,
t

e
r

le

temperature range of the simulation. However, the fit
stricted to the lowest temperatures, up to 400 K, is excelle
and the estimated activation barrier is very close to the st
energy barrier calculated from quenching. On the other ha
the fit restricted to the highest temperatures gives a low
activation energy and a smaller prefactor. We interpreted
activation energy reduction as caused by finite-barrier effe
and, possibly, by lattice dynamics influence on diffusion.
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