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Jumps and concerted moves in Cu, Ag, and A{110 adatom self-diffusion
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We present a molecular-dynamics simulation of self-diffusion or(1i€) 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
guenched 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 behaviofS0163-18209)01808-1

I. INTRODUCTION sition metals, such as Pt and’Ithat exchange is the domi-
nant diffusion mechanism. Recently, MD simulations on the
The study of isolated adatoms diffusion on metal surface$100) faces of Cu(Refs. 8 and ®and other metal§ have
is an important step in the understanding of many propertieshown that complicated exchange mechanisms, involving the
of technological interest, for example, in the fields of thin- concerted motion of many atoms, become important at high
film growth and catalysi$? Due to the development of dif- temperatures.
ferent experimental techniqu@sainly field ion microscopy The occurrence of long jump&ften called correlated
(FIM) and scanning tunneling microscof8TM)] it is pos-  jumps has been demonstrated experimentally in different
sible to determine the microscopic mechanisms of diffusionsystems;~** such as Ir/W110, Na/Cu001), Pd/\W211),
Many different diffusion mechanisms have been discoveredand Pt on missing-row reconstructedIRi0). The possibility
In fact, the diffusion of adatoms on metal surfaces may occuof long jumps has also been investigated from the point of
not only by uncorrelated hops between nearest-neighboriew of the theory*>~?*such events have also been found in
(NN) sites on the surface lattice, but also by exchari$  many molecular-dynamics simulatior(see, for example,
or by long jumps(in the following j, will indicate ann-sites ~ Refs. 9,24-3]) However, we remark that it is not easy to
jump). In the exchange-mediated diffusion, the adatom enextract general trends from experimental data for what con-
ters the substrate and replaces one atom of the latter by pusterns the occurrence of long jumps. In fact, similar systems
ing it above the surface; in the long-jump diffusion, the ada-behave in very different ways. For example, in FIM experi-
tom starts from a given cell, then it makes a flight and finallyments on metal adatom diffusion on a channeled surface like
stops in a cell that is not a nearest neighbor of the startingV(211), the following results were fount:*3in the case of
one. Re and Mo there was no evidence of long jumps near room
The occurrence of exchange-mediated diffusion has beetemperature; for Ir and Rh few~3%) long jumps were
shown in many different systemsA fast cross-channel dif- found; and finally, in the case of Pd there was a significant
fusion on fc¢110) surfaces was discovered in P{/Pt0) and  fraction (~20%) of long jumps already well below room
Ni/Ni(110) a long time agd. Since cross-channel jump dif- temperature.
fusion is not likely to happefthe adatom has to climb up a In this paper we study the diffusion of adatoms on the
row), this strong mobility was first explained by a two-step (110 surfacegsee Fig. 1 of Cu, Ag, and Au by MD simu-
mechanism: at a certain time, a vacancy is created in a rowations, up to temperatures of the order of half of the melting
and later the vacancy is filled by the original adatom. How-temperatureT,,. We shall focus our attention on all the
ever, molecular-dynamicéMD) calculation§ showed that above-mentioned correlated diffusion processes. In the case
the two-step mechanism would be energetically much lessf Au we consider only the (X 1) geometry, which is easily
favorable than a concerted exchange process. Moreover, ogempared to the corresponding surfaces of Cu and Ag, the
has to assume that vacancies are created in the vicinity of tHatter metals being more stable in theX(1) geometry. The
adatom, in order to have a reasonable probability of being110)(1x2) surface of Au, which is the most stable for that
filled in a short time. Later, the occurrence of the exchangemetal, has been studied elsewh&re.
process has been demonstrated experimentally in(¥0y. Cu, Ag, and Au are modeled by tight-binding many-body
Also on the more compadfl00) surfaces, exchange diffu- potentials as developed by Rosato, Guillopaed Legrand
sion is possible. This was already predicted on a bcdRGL).*>*The RGL potentials reproduce the surface recon-
Lennard-Jones crystal surface by MD simulatibasd then  structions of noble metafS. They have been widely used in
it has been experimentally discovered on fcc surfaces of trarthe simulation of diffusion on transition- and noble-metal
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‘ ’ . . ’ . atoms on time scales up to hundredths of nanoseconds are
y feasible. However, since those potentials are built on rather
O O O O Q crude approximations of the electronic structure of the met-
‘ 0000 als, their reliability must always be checked against experi-
Q O O Q Q [o01] ments andab initio calculations. _
The many-body RGL potential has been developed in the
’ ‘ . ' . . framework of the second-moment approximati@MA) of
OO0O000 the density of states in the tight-binding modef®*4~*®in
. . . . . . the SMA, the band energl,, for a given atomi is propor-
tional to the square root of the second moment of the local

density of states; the latter is written as a sum of square
hopping integralwith an exponential dependence on the
interatomic distangebetween the neighbors. For a derivation
FIG. 1. The(110 surface geometry. The solid dots are the top- of the SMA for noble metals see Ref. 4the usual deriva-

row atoms and the open circles are the atoms of the layer judion better applies for the transition metals, whaseand is
below. not completely filleg. The band energy gives an attractive

many-body term; the stability of the crystal is insured by
surfaces:?®3* where they predict the dominant diffusion adding a phenomenological core-repulsion tefEnof the
by jumps in the in—channe[lTO] direction and by ex-
changes in the cross-channg01] direction, the cross- i 5 Fij

36,37 El=—{ > &exg—2q -1

) 0
change mechanismEEX), such as jump exchanges, double where ¢ is an effective hopping integral;; is the distance
exchanges, and others, may appear. This has been shown iB&ween the atoms andj, r. is the cutoff radius for the
faces of other metals, like Cu and Au. As can be seen in thgependence of the hopping integrl]. is written as
following, Cu, Ag, and Au present different behaviors. Cor-

X

[110]

mechanisms, in agreement with the experimental redults. Born-Mayer type. Thus, the total energy of atois the sum
On the(110) surfaces of the noble metals, diffusion proceedsof E, andE, . E, reads:

1/2
channel jump requiring a very high activation barf@ et ] ' @
At high temperatures, long jumps and other correlated ex- hoe
MD simulation of Ag110 *and here we investigate if these interaction,r, is the first-neighbor distancé.89 A in Ag,
mechanisms are common to the nonreconstruc@ sur- 288 A in Au, and 2.56 A in Cy andq gives the distance

related jump-exchange events are frequent even at rather low [
temperatures in Cu, are possible in Ag only abeve50 K, Eir= 2 Aex;{ -p A 1) ) 2)
and are practically absent in Au. Also, long jumps are much jrij<re lo

frequent in Cu than in Ag and practically absent in Au. _ _

The paper is organized as follows. Section Il contains thel Ne cohesive energy of the crystal is then
description of the RGL potentials. Section Ill contains the
results concerning the static energy barriers for the different E _E (E +E)) 3)
diffusion mechanism; here we make a rather comprehensive ¢4 b ™ =rl
test of the reliability of RGL potentials comparing their re-
sults with those obtained by other semiempirical potentials,
by ab initio calculations, and by experiments. We conside
also the(100) surface because there bath initio results and modulus, and the elastic constafit, andC’ . The cutoffr,

experimental data are available. Section 1V contains the reyg (1 0n as the second-neighbor distance. The values used in
sults of the high-temperature simulations of adatom diffusiory, following are p=10.55,q=2.43,A=0.08938 eV, ¢

on the unreconstructe10) surfaces of Cu, Ag, and AU, _4 550 eV for Cu;p=10.85,q=3.18,A=0.1031 eV, ¢

and Sec. VI contains the conclusions. —1.190 eV for Ag: and p=10.53,q=4.30.A
=0.2197 eV,£=1.855 eV for Au.

The parametersg(A,p,q) are fitted to the experimental
"Values of the cohesive energy, the lattice parameter, the bulk

Il. MODEL
As is well known, metals cannot be realistically modeled IIl. CALCULATION OF THE STATIC ENERGY
by means of pair potentials, such as Lennard-Jones or BARRIERS

Morse®3®and it is necessary to employ many-body poten-

tials. Because of this, many different semiempirical poten- The static energy barriers for the different diffusion pro-
tials have been proposed for transition and noble metalszesses are obtained by quenched molecular dyndhias.
effective-medium theor§?  the glue modet!  detailed account of our procedure is found in Refs. 28 and
embedded-atorff Sutton-Cherf® and RGL potentials. The 49.

latter will be employed in the following calculations. By the  In order to test the quantitative accuracy of the diffusion
semiempirical potentials, it is possible to give a reasonablyarriers for Ag and Cu, as calculated by RGL potentials, we
accurate description of the metals with a computational efcompare our values with those obtained by experimentis,
fort of the same order of magnitude of the one required bynitio calculations, and other semiempirical methods on the
pair potentials. In this way, simulations with thousands of(100) and (110 surfaces of these metals. Unfortunately, on
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TABLE I. Diffusion barriers on(100) surfaces.

Process RGL EM CEM EA/C) EA(AFW) LDA GGA Experiment

Cu jump 039 040 047 053 0.38  0.65-0.78 0.51-0.58 0.39+0.08
0.36+0.03¢

0.40'

0.28+0.08"

Cu exchange 0.79 0.43 0.7¢ 0.7 1.03-1.28 0.82-0.96

Ag jump 043 0.37 04 0.4¢ 0.48 0.52 045 0.40+0.08'

0.39

Ag exchange 0.61 0.61 058 0.60 0.78 0.93 0.73

Au jump 051 049 0.84 0.64 0.83 0.58

Au exchange 0.41 082 03¢ 0.65 0.40

Cu along steps 0.26 0.26 0.25

Ag along steps 0.25 0.22 0.26 0.30' 0.27

Au along steps 0.32 0.30

Cu jump descent 0.71 058 0.77

Cu exchange descent 0.52 (%63 0.51

Ag jump descent 0.59 0.48 0.70" 0.58'

Ag exchange descent 0.55 0%52 0.52 0.48

Au jump descent 0.57 0.55

Au exchange descent 0.51 0°53

3 rom Merikoskiet al. (Ref. 5J). iFrom Yu and SchefflefRef. 58.

bFrom Stolze(Ref. 52. iFrom Breeman and Boerni{®ef. 59.

®From Perkins and DePristd&Ref. 53. K Erom Durret al. (Ref. 60.

4 From Liu et al. (Ref. 36. 'From De Miguelet al. (Ref. 61).

®From Nelsonet al. (Ref. 54. MFrom Ernstet al. (Ref. 62.

fFrom Karimiet al. (Ref. 55. "From Langelaaet al. (Ref. 63.

9From Boisvert and LewigRef. 56. %From Bardottiet al. (Ref. 64.

PErom Yu and Scheffle(Ref. 57.

the (110 surface, experimental results are available only fordescent of an adatom from a terrace limited by a straight
Au,®® while for the other two metals only calculations by high-symmetry step, both biymp and byexchange
semiempirical potentials are found in the literature. Because RGL results are compared to effective medi(gM),>1->2
of this, we test the reliability of our calculations also on thecorrected effective mediutCEM),>® embedded atorfin the
(100 surfaces of the three metals, because there either exfoter-Chen parametrization, EXC) (Refs. 36 and 5dand
perimental results oab initio calculations have already been in the Adams-Foiles-Wolfer parametrization, @&&W)
performed. The results are summarized in Tablg100 (Refs. 36 and 58, ab initio density-functional calculations
symmetry and Table 1I[(110) symmetry. in the local-density approximatiofLDA),>%~*8ab initio

In the case of thé€100) surfaces, we consider the follow- density-functional results with gradient correctiofGGA)
ing processega) diffusion of an adatom on the flat surface, (Refs. 56—58 and experimental result&-®*For processa),
both byjump via bridge site and bgxchange(b) diffusion ~ RGL potentials predict that jump is favored over exchange in
of an adatom along a straight high-symmetry step; @md Ag and Cu, whereas in Au the opposite happens. This agrees

TABLE Il. Diffusion barriers on(110) surfaces.

Process RGL EM CEM, MD-MC/CEM EAAFW) EA (VC) Experiment
Cu in channel 0.23 0.29.18 0.08,0.26° 0.24 0.53

Cu cross channel 0.29 0%6.2¢ 0.09,0.4F 0.3¢ 0.3

Ag in channel 0.28 0.9 0.26,0.25 0.32 0.25'

Ag cross channel 0.38 0.56 0.34,0.3% 0.42 0.31°

Au(1x1) in channel 0.28 0.27 0.34,027  0.25 >0.38
Au(1x1) cross channel 0.46  03%5 0.4290.38  0.40

Au(1x2) in channel 0.31 0.40-0.44

8From Stolze(Ref. 52.

bFrom Hanseret al. (Ref. 66.

°From Perkins and DePrist®ef. 37.
dFrom Liu et al. (Ref. 36.

®From Roelofset al., (Ref. 65.
fFrom Guntheret al. (Ref. 50.
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well with all ab initio results and with both EA calculations, IV. HIGH-TEMPERATURE DIFFUSION
while CEM predicts that exchange is favored also in Cu. The ON THE (110 SURFACES

experimental data in Cu and Ag are in very good quantitative Extensive high-temperature simulations of the diffusion

agreement with the RGL values for the jump mechanismy, e (110) surface of the three metals have been per-
(except for the last experimental value in Cu, which gives &urmeqd. In the case of Cu eight different temperatures be-
much lower barrigt We notice that the experiments do not yveen 300 and 600 K have been considered. The highest
determine the diffusion mechanism, but since most Ca|CU|afemperature is well below the temperature at which a signifi-
tions indicate that in Ag and Cu jump diffusion should pre- cant disordering of the surface occlfdn the case of Ag,
vail, there is a strong indication that the measured barrier igata have been taken at 450, 550, and 600 K, whereas for Au
the one for jump diffusion. For procegd), all available we simulated only at 450 K because at higher temperatures
calculations give results in good agreement with each othethe unreconstructed surfaces disorder quickly. In our simula-
in any of the three metals. For procésg RGL calculations tions, Newton's equations of motion have been solved by the
predict that exchange descent should always prevail. Thigerlet algorithm® with time steps in the range 3.5-7 fs.
agrees with theab initio results in Ag and with the Wwith these time steps, energy is always conserved to better
EA(AFW) calculations in Cu. On the contrary, the EM re- than one part over £0 The simulations have been performed
sults predict jump descent in both Ag and Guwever the on a (7x8) slab with a thickness of 15 layers and with two
energy difference between the two mechanisms are rathedatomgone on each surface of the slaBeriodic boundary
smal). conditions have been imposed on the surface plane. All at-
In the case of th€110) surface(see Table I, experimen- oms in the slab have been left free to move. Thermal expan-
tal results(by STM?®) are available only in the case of Au, sion has been taken into account as explained in Ref. 28.
both in the (1x 1) and (1x 2) geometries. In this case, RGL ~ The high-temperature simulations have displayed a rich
potentials correctly predict a slightly higher diffusion barrier Phenomenology with different kinds of events. We may clas-
(by about 109 for the (1x 2) with respect to the (X 1). sify events into three main groups: m—chgnnel jumps, cross-
However, the absolute values of the barriers are smaller thafhannel exchanges, and correlated jump-exchange

in experiments. On the other hand, all the calculations by?Xchange-exchangevents. The Secs. IVA-IVC are de-

semiempirical potentials underestimate the barrier for diffu-YOted to the study of these different kinds of events.

sion on the (1 1),%%5 the lowest and the highest results
being given by EAVC) and by EAAFW) calculations,
respectively’® A detailed comparison in the case of Cu and - )
Ag can be done only with other calculations. We consider IN-channel mobility may take place by single and long
EM,52% CEM and MD-MC/CEM3” EA(AFW)3® and Jumps. First, we _analyze the temperature dependenc_e of _the
EA(VC) (Ref. 36 results, for in-channel jump diffusion and tot@l jump rater; in Cu. We have chosen Cu because in this
cross-channel exchange diffusion—the cross-channel jum etal it is easier to accumulgte stat|st|cs. dovyn to room tem-
being very unlikely since it requires a very large activationP€rature. due to the smaller in-channel diffusion barrigfs
energy. In Ag, the available data are all in good agreemerffPtained at eacfi dividing the total number of jumpgsee

with each other, except for the EM estimation of the ex-the Imes;l_andjz in Table Ill) by the total simulation time.
change cross-channel diffusion barrier in Ag. In Cu, the RGLYSu@lly it is assumed that thé dependence of; should
results for in-channel jump diffusion are in reasonable agreel©!loW the Arrhenius law,
ment with the EM, MD-MC/CEM, and EBAFW) data,

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

whereas the CEM and the BAC) calculations give a much AE.
lower and much higher barrier, respectively. For cross- r =r?ex;{ - _l) (4
channel exchange diffusion, RGL results are in good agree- kgT

ment with EAAFW), EA(VC), and one of the two EM cal-
culations. In this case, the other potentials give either Very, herer?®

low or very h'gh barriers. . namig barrier. In the standard form of the Arrhenius law,
The above-ﬂlustrat_ed comparisons '_shov_v that on(ﬂl@) . which is usually employed for example in fitting the experi-
surfaces RGL potentials predict the diffusion mechanism in,ania| data, both the prefactor and the activation barrier are
agreement with the availableb initio calculations, and, ;ssumed ad independent. In real systems, however, there
where the comparison with experimental data is possible, thgay he deviations from the Arrhenius law, and those devia-
quantitative agreement is very good. On {140 surface, tjons are often accounted for by introducing alependence
the comparison with experimental data in Au shows a qualiof the prefactor and of the barrier. Recent literature shows
tatively correct difference between theX1) and (1X2)  that a correct way to take into account such deviations is still
geometries, but the absolute values of the energies are lowender debate. Indeed, theoretical calculations on®A§,
by ~25% than those measured in the experiment. On th€u®® % and Ni° self-diffusion on the(100) surface, in the
other hand, the comparison with the existing literature isframework of transition state theory and of the quasihar-
very favorable in Ag, while in Cu there is still some debate.monic approximation to the lattice dynamics, suggested that
We remark however that in €10 RGL potentials agree the activation barrier for jump diffusion should decrease with
with the majority of the existing data and that the data inT. In particular, at 600 K such barrier should be almost 10%
disagreement predict both very high and very low barriers. lower when compared to the static one. Boisvettal.

is the prefactor andE; is the activation(or dy-
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TABLE lll. Cu self-diffusion on the(110) surface: summary of the events. Few multiple jumps have been
observed also, but they are not reported. Usually, correlated events are in majority jump exchahoes (
exchange jumpsg(j) (more or less in the same proportjpwith fewer double exchanges€) and very few
more complicated processesich as jump exchange jump etéor instance at 600 K we find ¥, 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
j1 158 145 971 669 512 335 264 260
j2 2 5 26 42 37 40 35 41
jo (%) 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

argued’ that it is true that the energy barrier dependsTon is no clear evidence of deviations from the standard Arrhen-
but linearly so that the effect only causes a prefactor renorius behavior. On the contrary, at highwe obtain a much
malization and no real temperature dependence of the actiewer AE;=0.16+0.01 eV and a smaller prefactorr?(
vation barrier is present. The same authors explicitly=2 ps?). This result is in qualitative agreement with one-
showed’? by MD simulations of Cu/C(L00) diffusion, that  dimensional Langevin approach€s® where it was shown
considering a wide range af (from 100 to 800 K, no ap- that the finite-barrier effects cause a lowering of both pref-
preciable deviation from the Arrhenius law is found. Apartactor and barrier at high temperaturgblote that for the
from the above-mentione(possiblg corrections to Eq(4)  system considered hefg /(kgT)~5 if T~500 K]. We em-
due to the lattice dynamics influence on diffusion, “finite- phasize that lattice-dynamics effects could give their contri-
barrier” effects should also be taken into account. We recalbution to the barrier lowering as well, but presently we are
that Eq. (4) is only asymptotically valid in the limit not able to separate their contribution from the one given by
AE;/kgT—2°. In particular, it has been shoWi7®that when  the finite-barrier corrections. Our results are in qualitative
the ratio between the static energy barrier &gl is smaller  agreement with those of the simulations in Ref. 73, even if a
than ~5 deviations from the Arrhenius law should be ex- direct quantitative comparison is not possible due to the lack
pected. We remark that the way the finite-barrier effectof any information on the statistics of the results in Ref. 73.
modify the Arrhenius behavior can be quite different from It is worth mentioning that if instead of the jump rate we
system to system, since they are related to the anharmoniwnsider the in-channel diffusion coefficieBt which in a
part of the force felt by the adatom. In all the above-jump-theory framework is given by
mentioned referencEs "%the finite-barrier effects should be
negligible up to~1000 K due to the high static diffusion 1, 5
barriers(of the order of 0.5 ey, D=3a fJZ 1°py ()
Here we study this problem in the case of Cu/Ti0)
considering many different temperatures in a wide range
(from 300 to 600 K; at eachT we accumulate a rich statis- =3 BN
tics of events(again see Table Il In Fig. 2 we report the RN
Arrhenius plot ofr; in the aboveF range and we estimate - AN
AE; andrj in three different ways in order to discuss their g
actual temperature dependence. First, we have fitted the g N
Arrhenius law[Eg. (4)] in the whole temperature range, ob- g .
taining AE;=0.186-0.003 eV andr{=4 ps . In this g N
way, AE; turns out to be significantly smaller than the static : b
energy barriefthe latter being of 0.23 e However, as can :
be seen in Fig. 2, the fitting is rather poor, because the points L
at the lowest and the highest temperatures do not accommo- 15 2z 25 3 35 , :
date well on the straight dashed line. Both fack( being 1/7(1000/K) 1/T (1000/K)
smaller than the static barrier and a bad fit of some ppints
indicate that there is son;g:- 7(7:ieviation from the standarqJ|Ot
Arrhenius behavior at higfi. i ,FOHOW'ng this |ndlcat|on, of the Arrhenius law in the whole temperature range. This fit is
we have made two further fits: in one we take into accounf,gor, since the high- and the lowT points do not accommodate
only the four lowT points (up to 400 K, and another with el on the line. Right panel: here the simulation results are sepa-
the highT points. The lowT fit is practically perfect; it rately fitted in the lowT range(solid line) and in the high¥ range
givesAE;=0.213+0.007 eV and'{=9 ps’. In this case (dash-dotted line The low fit is practically perfect up to 400 K
the dynamic barrier is very close to the static gmethin (the four points at right and its slope is close to the static energy
three standard deviatiopsndicating that, up to 400 K, there barrier.

FIG. 2. Arrhenius plot of  in Cu.r;j is in ps L. Left panel: the
s correspond to the simulation results, and the line to the best fit
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1/T (1000/K) 1/7 (1000/K)
FIG. 3. Arrhenius plot of the in-channel diffusion coefficidt FIG. 4. Arrhenius plot ofr; for Au/Au(110)(1x2) self-

(divided by the square of the unit-cell leng#) for Cu/Cy110 diffusion (data taken from Ref. 31r; is in ps*. The points well
self-diffusion. D/a? is in ps '. Due to the compensation coming accommodate on a straight line, whose slope is close to the static
from the long-jumps contribution, points now well accommodate onenergy barrier.
a straight fine. B. In-channel diffusion: single and long jumps
(p, is the probability to have ahsites jump, and is the in Cu, Ag, and Au
distance between adjacent in-channel minimie long- Now we focus our attention on a comparison between
jumps contribution acts in such a way to restore the Arrhenin-channel diffusion for the three metals. It turns out that the
ius behavior at high temperatures, since the long-jumps ratstatic energy barrier for in-channel diffusion is essentially the
raises with temperaturesee Sec. IV B Indeed, this can be same in Au and Ag, and somewhat lower in Gee the first
easily seen in Fig. 3, where the linear fit turns out to be mucltolumn of Table I). From these data one could expect that
closer to the MD pointgscompare the fit in the left panel of the behavior of adatoms diffusing on those metals would be
Fig. 2). Moreover, if we estimate the slope of such straightsimilar, and the only difference would be that diffusion of Cu
lines, we obtain an effective barrier of 0:20.01 eV, on Cuis activated at lower temperatures. On the contrary the
which is within two standard deviations from the static bar-high-temperature simulations show rather different behav-
rier. iors, especially for what concerns the occurrence of long
Summarizing, it arises clearly from our results thafl i jumps. From Table IV it turns out that, at 450 K, long jumps
low enough for the finite-barrier effects to be neglected, theare practically absent in Au, about 3% of the total jumps in
Arrhenius law is very well satisfied, and the correspondingAg and about of 6% in Cu. In the latter metal, at 600 K,
barrier is(within 5%) the static one. These considerations arenearly 15% of long jumps are found, a percentage which is
validated by our results on Au/Au(110)KI2) diffusion pre-  never reached in Ag at any temperatéitén the following
sented in Ref. 31, from which we extract here the Arrheniusve show that these differences can be understood in terms of
plot of the jump ratgsee Fig. 4 For this system the static two factors: the energy dissipation rate of the adatom on the
barrier is 0.31 eV, and thus in the whole temperature rangeasiest diffusion path and the multidimensional topology of
of the simulations(from 350 to 625 K small finite-barrier  the potential energy surface. As we show in the following,
effects are expectedn fact, the dynamic barrier is 0.288 both factors are favorable for Cu and the contrary happens
+0.005 eV, which is close to the static gne for Au.

TABLE IV. Single jumps (), double jumps|5,), exchange cross-chanr&x), and correlated exchange
cross-channg|CEX) statisticsj, (%) is calculated over the total number of in-channel jumps, Gkxon the
total number of cross-channel events. Few multiple jumps have been found also, but they are not reported.

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
In 210 280 540 209 264 142 260
I 6 2 37 8 35 13 41
j2 (%) 2.8 0.7 6.4 3.7 11.7 8.4 13.6
Ex 36 15 115 46 64 35 73
CEXx 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 dif- 002
fusion path. In all metals, the coordinates of the minima
and of the saddle points essentially coincide, and therefore
the easiest diffusion path is a straight line alongthdrec-
tion in the middle of the channel. Therefore, the differences
between the metals are not due to nonrectilinear diffusion
paths, as it happens in other ca¥e® By restricting our
considerations to the easiest diffusion path we reduce our
problem to the diffusion in a one-dimensional periodic po-
tential. If we assume that the adatom is coupled to the sub-
strate with a frictions per unit mass and with &-correlated

0.015 i)
i
0.01

0.005

Z (eV)

noise®! it can be shown that the probability of long jumps -0.005 iy
depends on the dissipation parametersee Ref. 1}, de- -
fined as follows: 001 - o5 ” 15 ’ 25
t(ps)
A= ija 2m[U—U(x)]dx, (6) FIG. 5. The velocity autocorrelation functict(t) [see I?q.(_§)]
keTJo for the three metals. The dash-dotted, dashed, and solid lines cor-

_ respond to Cu, Ag, and Au, respectively.
wherea is the lattice spacing along thé 10] direction,Ug
is the potential energy at the saddle point, &) is the  cjent. In fact, the explanation of these differences must take

potential energy along the easiest diffusion path. In all mety|sg into account the multi-dimensional topology of the adia-
alsU(x) is well approximated by a cosine; i is the static  patic potentidi® felt by the adatom.

energy barrier for in-channel diffusion, angdT<E,, the In order to understand this topology, we have calculated
following expression fo is obtained: two different potential-energy surfaces by quenched MD.
ona First, we have fixed the& andy coordinates of the adatom
7 within a lattice cell, letting then itz coordinate and all the
A= V2mE,. 7 '
wkgT B @ degrees of freedom of the substrate free to relax. In this way

The friction can be estimated by the decay time of the masse© obtain a two-dimension&2D) potentialV(x,y) [see Fig.

X . : . 6, whereV(x,y) is shown for Cid. From V(x,y) one may
Sﬁggﬁgﬁed velocity autocorrelation functidi(t) along thex recover the curvatures around the minima and the saddle

points. Around the minimum, the curvatures are proportional
Z(t)=m(v,(D)oy(0)). (8 to the squares of the frequencieaﬁ(,a.)?]’qy); around the
saddle point, thex degrees of freedom is unstable and the
If the potential well is Sufficiently dee[Z(t) is well approxi— Corresponding frequency is imaginar'yaéx’wgy)_ Accord-
mated by its expression for a harmonic well, which turns ouiing to the multidimensional extension of Kramers theory of
to bé? activated proces¥ the prefactor irr j is proportional to the

Z(t)=A exp(— nt/2)cog wt) ©) ratio

with Z(0)=A=KkgT/2. Let us consideT=450 K, a tem- f=olllw?. (10
perature at which the expressi@) fits well the actual be-
havior of Z(t) as obtained from the simulations for all three This means that the jump rate is larger when the potential-
metals. For example, at that temperature we obtain energy surface is wider at the saddle point than at the mini-
=1.5 ps!in Au. This value is compatible with the one
found by Roelofset al® at 400 K, which isy=2.6 ps*®
(the latter value is determined with an accuracy of about a
factor of 2, as explained in Ref. B0

Since theZ(t) shows several oscillations in Cu and Ag
and fewer in Au(see Fig. 5, we can expect that dissipation
would be larger in Au than in the other metals. This is the
case: by fitting the curves shown in Fig. 5 by ét) of the
form (9), and using Eq(7), one finds thaf is of the order of
10 in all three metalgcorresponding to a few percent of long
jumps®) but Ac,/Apg=1.1 andAc,/Ap,~0.8. These re-
sults indicate that in gold fewer long jumps should be found,
in agreement with the results of the simulations, but they do
not explain the large differend@f one order of magnitude
in the percentages between Au and(@ee Table IV. There-
fore, the one-dimensional model of diffusion along the most FIG. 6. Potential-energy surfadé(x,y) for Cu self-diffusion.
favorable diffusion path, even if it is in some qualitative v(x,y) is obtained fixing thex andy coordinates of the adatom and
agreement with the results of the simulations, is not suffidetting all other degrees of freedom in the system relax.
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Au — Au —
Ag ---— Ag ----
+5 Cu --- 0 Cu---

4 0 X) 4 25 (X
-5 5
2 0 +2 0 25
) (4]
FIG. 7. Contour plot ofV(x,y) at the saddle-point enerdy . FIG. 9. Contour plot ofV(x,z) at the energyE.(T)=Es
The dash-dotted, dashed, and solid lines correspond to Cu, Ag, andkgT, with T=450 K. The dash-dotted, dashed, and solid lines
Au, respectively. correspond to Cu, Ag, and Au, respectively.

mum (03> wg’). Moreover, it has been shown, in model- cy the most favorable. This, together with the somewhat
potential calculations of diffusion in periodic systeffishat  higher dissipation, qualitatively explains why long jumps are
the fraction of long jumps increases significantly withn ey few in Au. In Cu, the better topology overcompensates
our case we obtairf,,=0.92,f4;=0.99, andfc,=1.11. 4 the slightly larger dissipation with respect to Ag.
This indicates again that Au is less favored for long Jumps,  Another interesting point concerning the fraction of long
and the contrary happe.ns for Cu. jumps is its dependence dn By FIM, it has been found in
Another way of looking at the effect of the topology of d/W211) (Ref. 13 that the percentage of long jumps in-
the potential on long jumps is to consider the contour plots Ogreases from pr.actically 0to 20% in a very narrow tempera-
Vx.y). In Figs. 7 and.8 we report the contour plots of ture range(from 122 to 133 K; on the other hand, in STM
Vixyy) atthe saddle-point enerdy,(0)=Es and atE(T) experiments on Pt/Pt10) (1X2) (Ref. 19 the fraction of

=E,+kgT, with T=450 K, respectivelyE,(T) is the av- . . it b ) had :
erage energy of the particles hopping out from a well at 4019 1UMPS increases with, but not in such a dramatic way.
given T.% It is evident that Au presents the widest contour MD Simulations in different syster$®have shown that

plot at the minimum position and the narrowest at the saddide fraction of long jumps clearly increases withbut not
point, while for Cu the opposite happens. In fact, from Fig. With changes of orders of magnitude in ranges of 10 K. From
8, it turns out that the ratio between the width at the saddléhe point of view of the theory, the 1D Langevin model with
point and at the minimum is 0.48 for Cu, 0.32 for Ag, and T-independent frictiol*'° gives an even milder increase of
0.28 for Au. the fraction of long jumps. Very recent results based on a
Then, in order to also check the vertical motion of thekinetic theory developed in the framework of the Boltzmann
adatom, we have repeated the above procedure but fixing treguatio® suggest that a very strong change in the fraction
x andz coordinates of the adatoms, thus obtaining a potentiabf long jumps, like the one found in Pd&11), should hap-
V(X,z). Again, the contour plots &(T), with T=450 K  pen atT around half of the Debye temperatufg of the
(see Fig. 9, show that Au has the narrowest saddle point andsubstrate, whereas the behavior at highehould be much
Cu the largest. In this case, the ratio of the widths is 0.48 fosmoother.
Cu, 0.44 for Ag, and 0.40 for Au. In conclusion, Au presents  Here we consider th€& dependence of the fraction of long
the most unfavorable potential topology for long jumps andjumps in the case of Cu, where the statistics is richer. From
Table 1l it can be seen that the fraction of long jumps in-
AU — creases from 1.2% at 300 K to about 14% at 600 K. The
increase is evident but not very pronoundeddramatic in-
crease is not expected because we are afigyeHowever,
if we fit the T dependence of the percentage of long jumps by
a 1D Langevin model keeping the friction constant, as
done for example in Ref. 28, we obtain a smaller increase
than the one found in the simulations.

C. Cross-channel mobility and correlated events

-2 0 ) From the static energy barriers in the first column of
Table Il, one may predict that cross-channel mobilia-
ways by exchange, cross-channel jumps being extremely un-
FIG. 8. Contour plot ofV(x,y) at the energyE,(T)=E; favorable from the energetic point of vi¢would be easy in
+kgT, with T=450 K. The dash-dotted, dashed, and solid linesCu, more difficult in Ag, and very difficult in Au. These
correspond to Cu, Ag, and Au, respectively. results are confirmed by the results of the higkimulations

]
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FIG. 10. Exchange-jump process in a simulation of Cu at 450 K. O ps 1.4 ps 2.7ps

The adatom(open starexchanges with one atom of the rdhlack . . .
stap. The latter does not stop in the nearest cell in the channel but FIG. 12. Exchange-exchange process in a simulation of Cu at
keeps moving to a further cell. 450 K. The adatonfopen starpushes one of the nearest-row atoms

(the black star which in turn pushes another row atdthe aster-
é'sk). In the intermediate configuratidmhose lifetime is extremely
hor the three atoms are practically on a straight line along the
01] direction.

(see Table IV. In the three metals, the exchange proces
happens via a slightly metastable configuration at the sadd
point, the so-called dumbbell configuration, in which the two
atoms involved in the process are placed symmetrically
along the[001] direction. This configuration was already  The above picture is confirmed by considering the tem-
found in many simulations of different systerifs. perature dependence of the frequency of correlated processes
However, for what concerns cross-channel mobility, whatoetween 300 and 600 K in Cisee Table Ill. At low tem-
is more interesting is the occurrence of correlated processeBeratures, the frequency of correlated events follows the fre-
such as jump_exchangejd), exchange-jump ql), and quency Of double ijpS, being about one half of the latter.
exchange-exchange € events. In Figs. 10, 11, and 12, ex- At the_h|ghest temperature, the frequency of correlated
amples of the above processes are presented. We discrin@Vents increases sharply with respect to those of other events,
nate Corre|ated processes by requiring that the Who'e dur&nd thIS.IS due to the enhancement. Of the row Iateral V|bra.'
tion does not exceed a time ef2 ps, as happens in the tions. It is worth noting that a}t the highest te_mperature, cor-
examples reported in the figures. relat_e_d events have a very important role in cross-channel
We remark that in thée andej processes the adatoms mobility: indeed 35% of the cross-channel events are corre-
pass again through the dumbbell configuration, as happens |ated.
the simple exchange. In thee process, first, a strained row
of three atoms along tH&@01] direction is created, and then
the strain is released when one atom is pushed into the chan-

nel. o ] _Inthis paper the self-diffusion of adatoms on noble-metal
Those events wert;galready observed in simulations of difyyrfaces has been studied by molecular-dynamics simula-
fusion of Ag/Ag110.”" Here we compare the behavior of tions, The static diffusion barriers for the different processes
the three metals with this respectB450 K and analyze have been calculated by quenched molecular dynamics for
the behavior withT in Cu. both(110) and(100) geometries, obtaining a good agreement
/In Table IV, Cu, Ag, and Au are compared at 450 K. At yjith the available experimental data and calculations. A
this temperature, correlateq andje processes are absent in |arge number of high-temperature simulations have been per-
Au and already rather frequent in Cu. This fact suggests thabrmed for the three metals on the (110X1) surface.
two factors favor the occurrence of these processes: first, the The three metals display quite different diffusive behav-
cross-channel-exchange barrier should be small; second, thgs. Both in-channel and cross-channel diffusion are easier
probability of long jumps in the in-channel direction should jn Cu than in the other metals; cross-channel diffusion is
be large. Both things happen in Cu. In facfeaprocess can especially difficult in Au. For what concerns in-channel dif-
be described as follows as an attempt of making a doublgsjon, the occurrence of long jumps has been analyzed in
jump with a deviation in the orthogonal direction. In a typi- detail. Long jumps are practically absent in Au and quite
cal je process, the adatom starts from the first cell, crosses flequent in Cu, Ag having an intermediate behavior. This
first saddle point and then the first-neighbor cell. When thejifference comes out from two factors: first, in Au the dissi-
adatom is reaching the second saddle point, it can be pullegation of the energy of the adatom to the substrate is larger
or pushed by one of the nearby atoms of the close-packeghan in Cu and Ag; second, and more important, the
rows, deviating along th¢001] direction. This process is potential-energy surface at the saddle point is very narrow in
clearly more frequent if double jumps are likely to happenay and wide in Cu. These results show the sensitivity of
and if the activation energy for exchange is not large, and ifong jumps to the details of the interaction between the ada-
is helped by the occurrence of strong lateral vibrations of theom and the substrate, and suggest that the use of one-

V. CONCLUSIONS

row atoms along thg001] direction. dimensional models of diffusion may be insufficient also on
fcc(110 metal surfaces. The sensitivity to the details of the
.0.0.0. O. '0.0.0.0. .OT@.O. O. adatom-substrate interaction may indicate an explanation of
PO 04 DPOeO0M Deed the experimental resufts showing the absence of general
.O O .O .O 0.0. .O.O 0.0. trends for the occurrence of long jumps in metal-on-metal
op.g LA w.z.ps. e :S diffusiont134(see the Introduction

Another important difference among the three metals
FIG. 11. Jump-exchange process in a simulation of Cu at 450 kKcomes from correlated cross-channel processes. Again, we

The adatorr(open star makes a jumps and without stopping in the find that they are more frequent in Cu than in Ag, and absent

nearest cell, exchanges with a row atdofack stay. in Au. These correlated processes are likely when there is a
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significant probability of making long jumps and when the temperature range of the simulation. However, the fit re-
energy barrier for cross-channel diffusion is not large. More-stricted to the lowest temperatures, up to 400 K, is excellent,
over, their frequency rises strongly at high temperaturesand the estimated activation barrier is very close to the static
when the amplitude of the lateral vibrations of the row atomsenergy barrier calculated from quenching. On the other hand,
becomes large. the fit restricted to the highest temperatures gives a lower
Another important point that has been discussed in detaihctivation energy and a smaller prefactor. We interpreted this
is the temperature dependence of the jump rate, in order tactivation energy reduction as caused by finite-barrier effects
discuss the existence of deviations from the simple exponerand, possibly, by lattice dynamics influence on diffusion.
tial behavior of the standard Arrhenius law. To this purpose,
we have performed a huge number of simulations for Cu at
eight different temperatures in the range 300-600 K. We
have found that it is not possible to obtain a good fit of our We acknowledge financial support from the ItaliannMi
data by a simple Arrhenius form with temperature-istero della Universitee Ricerca under the project “Delle
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