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We study the temporal evolution of a flat A0 surface in the temperature range 300-600 K. Using a
recent version of the temperature-accelerated dynamics method, we are able to simulate very long time scales,
ranging from milliseconds at 600 K to several months at 300 K. Interesting diffusion mechanisms are observed.
In particular, the spontaneous creation of short-lived adatom—vacancy pairs leads to diffusion of the surface
atoms within the surface.
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I. INTRODUCTION Il. THE TAD METHOD

. . . A. Original formulation
Crystal growth, catalysis, and chemical reactions at sur-

faces are among the most popular research subjects in the We recall that the TAD methddrequires the harmonic
present surface science community. Such processes are pProximation to the transition state theghyTST) to hold,
formidable complexity, so that theoretical modeling, experi-SO that the raté; of a diffusion mechanismwith activation
mental techniques, and data interpretation are in constant d8€rgyE; and frequency prefactoro; is described by the
velopment. One final goal is to reach a microscopic underArrhenius law

standing of these phenomena, possibly starting from the _

basic cgnstituents oﬁ‘ solid surfacgs: theyatoms. cEllllearly, the ki=vo;exp(~Ei/keT), @
knowledge of diffusion mechanisms and rates for isolatedvhereT is the substrate temperature akglthe Boltzmann
adatoms, clusters, or islands is a key step in attempting toonstant. The TAD method allows one to simulate the long
model more complex processes. Recent results have showime required for a system to escape from a statd a low
that, even for simple metal systems, the present knowledgemperatureT,,, by exploiting the faster dynamics at a
of the actual diffusion paths and energetics is far from comhigher temperatur@,q,. This is done by collecting a se-
plete, so that realistic simulations are still needed. Indeedquence of escape timegyg, from A at Tpg,, and by ex-
newly discovered diffusion mechanisms are continuously intrapolating each of them to low temperature using the simple
troduced. A few examples are given in Ref. 1. Three indeformula

pendent studies reported within the last two years have

shown the importance of the role of surfadeand buli ti tow= ti,ighe ™ (Plow™ Phign), )

vacancies, naturally present in real solids at equilibrium, inyhere Biow=1(KeTiow) and Brigh=1/(kgThigr). The event
.. . W W. I | "

determining mobility at surfaces. with the shortest timeq,, snor, @mong the sequence of ex-

In this paper we show, using temperature-accelerated dyfr,,|ated times g, is the event that the system chooses
namics (TAD)*"" simulations, that even starting from an i, oqcane from the state . Introducing an assumed
|dgal, vacancy- free A(gOO).surface, the spontaneous cre- |, o boundv,, for the frequency prefactor, together with
ation of short-lived vacancies leads to appreciable diffusio n uncertainty levels, it is possible to demonstratehat
of the surface atoms within the surface, at temperatures we fter a total simulation time
below the melting point. The present results, together with
those reported in _Refs. 2,3, ghow that_metal surfa_lces are D IN(1/8) [ Vmintiow, short
much more dynamic than previously realized. Recalling that thigh, stop— In(1/5)
the typical scanning tunneling microsco&TM) temporal
resolution is of the order of-1 s, our results show that, is reached alygn, tiow,snotCaN be declared, with uncertainty
even well below the melting point, surface atoms on flatd, to be the shortest extrapolated time for escape from state
terraces are very likely to switch position between subseA (for example,=0.05 means that we are at least 95%
quent STM images. We note that this motion could influenceconfident that the event with the shortest possible extrapo-
diffusion of adatoms or islands on the surface itself. lated time has been determinedt this point the event can

Exploiting the boost in the dynamics given by the TAD be accepted; i.e., the system is moved ouAdhrough the
method in its most recent versiohwe are able to simulate mechanism that generateg,, snor, the simulation clock is
time scales ranging from ms @t=600 K, to several months advanced by, shorr@nd the whole procedure is begun again
at T=300 K, with full atomistic detail. As demonstrated by in the new state.
the results reported in Sec. Il C, reaching these long time This procedure can be represented graphically by plotting
scales is crucial in order to unravel the complex dynamics ofhe logarithm of inverse time versy& as shown in Fig. 1.
the system. The progression of the high-temperature trajectory corre-

PBhigh! Biow
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den, but we have assumed that no such pathways exist. Thus,
terminating the trajectory dfjgp siop allows us to say with a

B certainty of at least % ¢ that the correct event is being ac-
cepted.

ETAD
——— In(1tig sop) B. Further boost for the TAD method

A method to further accelerate the dynamics within the
TAD scheme was proposed very recefitlywas shown that,
if the lowest activation energl i, to escape out of a state is
known, the total simulation time needed before accepting a
transition can be computed using

tEigﬁl,Dstop: ti higteXH (Ei — Emin) (Biow— Bhigh) 1, (4)
instead of Eq.(3), allowing one to shorten the simulation
Brigh Biow time significantly. Referring again to Fig. 1, the justification

8 of this ETAD (the letter E in the acronym ETAD reminds us
that the minimum barrier is knowmprocedure is easily seen.

FIG. 1. Graphical representation of the TAD method, showingAfter the event at pOintEE’AiDS observed, leading to the extrapo-
the logarithm of inverse time versus inverse temperature. Timdated time at point Clpig, ¢opiS Obtained from Eq(4) by
propagates downward along the vertical lines. Attempted eventextrapolating froniT,,, back toTyg, along a line with slope
observed during the high-temperature traject@y., point B are  —E,;,. Any event occuring after this time can only extrapo-
extrapolated along a line with slope equal to the negative of thdate to a shorter time &fq,, if it has a barrier lower than
activation barrier to obtain the time at low temperat(peint C). In Emin, Which it cannot ifE ., is indeed the lowest barrier for
the original TAD method, the high-temperature trajectory is termi-escape from this state.
nated at the intersection with the “stop” line, indicated 857 q.op In the common case where the first escape from the state
e ape A S8 Ao, Mecoresponcs 1o an evert i acvation enefy Eny
trapolating back up from the low tem'p)er;iﬂc;g to the high temperaIcrorn Eq. (4), one (.)b.talnghighlswpzthigh: the event Is ac-

. ) ; S cepted as soon as it is detected. If the valug gf, is known
ture along a line with a slope equal to the negative of this minimum . . . - .
barri exactly, this new procedure is exact: no new approximations
arrier. ! . )
beyond the ones in the original TAD method are required. In
. . _ general E,;, can be determined by taking into account the
sponds to(nonlineay motion downward along the vertical total time 7 spent in all the visits to this state since the
time line atB= Bngy. If an event occurs at point B, its cor- beginning of the simulation. The lowest barrier observed so
responding time afq,, (point C) is simply found by extrapo- far during this time can be declared the official lowest barrier
lating along a line with slope equal to the negative of itsE,;, for escape from this stat@vith uncertaintys) whenr
barrier height. Although typically a few other events will exceedsr,,, given by
occur before the trajectory is stopped, for simplicity here we
only display the extrapolation for the event that has the In(1/5) )

. . . in=———eXP EninBhigh) -
shortest time af|,,,. To find the stop time, we construct a Tmin =, P EminBhign

line (the stop ling connectingyy,/IN(1/6) on they axis with s toliows from an argument analagous to that given above
the current shortest-time event on the low-temperature timg . o TAD stop line; an event with prefactor,, and a
Iine (point C). The.inter-section. of this stop que V\éith the barrier less tharE,,, has a probability less thargnof il
h|gh-temperature time I'm_e defines th_e stop t'"ﬁéhétow being hidden after time,, is reached. This procedure thus
which we can understand in the following way. Imagine thaty, 5 antees, within the uncertaingyof the TAD simulation,

the trajectory is run a bit beyond the stop time and a ne"\fhatEmin is found exactly. Reaching the simulation timg,

event occurs. We compareE, the barrier for the new event,  hically requires several visits to the stit8ome additional
to S the negative of the slope of the stop lineAIE=S, the  pn4qt s obtained in successive revisits befare, is

new event does not replace the candidate eenpoint O, achieved, as discussed in Ref. 6, but it is not very significant

because_ it extrapolates to a longer time at I_ow temperature. tor systems that seldom revisit the same statthough there
AE<S, it could extrapolate to a shorter time, but, having s the possibility of supplyind,, externally, also discussed
specified the minimum prefactory,, we can rule out this iy Ref . In the present case, however, we can exploit the
possibility with certainty - 5. This is because for any line  t5¢t that the system spends most of its timédnd continu-

passing throughvyn/In(1/6), the intersection of that line 4y revisity the flat-surface state. We discuss this below.
with a vertical time line corresponds to the tinfat that

temperaturg for which a pathway with prefactor,,,, and I1l. SIMULATIONS
barrier Swill have revealed itselfthrough an attempted es-
cape with probability 1— 5. For barriers lower thaig, the

certainty is even greater that such a pathway is not hiding. A We now describe the results of the TAD simulations and
pathway with a prefactor lower thaw,;, could still be hid-  the way we exploited the minimum-barrier concept for the

TAD
In(12thigh, stop)

In(1/Y)

A. Parameters
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particular system investigated in this work. We studied the
long-time behavior of an ideal A§00) surface at four dif-
ferent temperatures: 300, 400, 500, and 600 K. The SimU|aT—3OOK
tion slab consisted of 6 layers of Ag atoms, with each layer
composed of 98 atoms. The three bottom layers were kep
frozen. Periodic boundary conditions were applied in the sur-
face plane, and the lattice constant was determined by takin
into account thermal expansion. The interatomic interaction
was described by an embedded-atom metH&ARAM)® T=400K
potential® Although no surface data were included in the fit,
this potential gives a very good prediction of the adatom
diffusion barriers both from first principlés and
experiments! The temperature was controlled using a
Langevin thermostat with a friction term set to'3@™*. T=500K

Concerning the TAD parameters, we chose to work with
an uncertainty o6=0.05, and we set the minimum prefactor
Vmin 10 2X 10Y2 571, This choice was based on a set of pref-
actor calculationgwe used the Vineyard expression of Ref.
12) preceding the actual simulations. To confirm that the T=600K
value of vy, was appropriate, after the TAD simulations
were run, we checked the frequency prefactors for a large
number of diffusion mechanisms detected during the simula-
tions; all were indeed higher thanm,,,. To accelerate the FIG. 2. Snapshots of the A§O0) evolution at different tempera-
dynamics, we sefq,=1000 K in the most ordered state tures. Atoms occupying a different position than in the initial (
(flat surface, where all activation energies are very high so=0) state are shaded.
that more boost is needed, while we redu@gg, by 30% in
all the other configurationgfor a discussion of the criteria we used standard TADEQ. (3)] to simulate the exit from
used to choosdy,qn, see Refs. 5,13 A critical study of  those states. Using,,,=1.3 eV for the flat-surface state had
possible anharmonic effects is reported in Sec. Ill F. a huge influence on the speed of the TAD simulations: we

obtained an additional boogmultiplying the one given by
the standard TAD methgdanging from~50 (for a total
B. Boost in the dynamics boost of~1.8x 10* with respect to standard Mt 600 K,
At each temperature, we ran TAD simulations until to three orders of magnitude at 300 (kotal boost with re-

~1000 transitions were detected, giving simulation times ofPect to MD:~10"), making it possible to collect the re-
~0.5 ms,~0.1 s,~3.5 min, and~2.4 yr at 600, 500, 400, sults presented here in approximately two weeks of CPU
and 300 K, respectively. To reach these extremely long timéme (for eachT) on one SGI R10000 workstation.

scales, it was crucial to reduce the CPU time, by exploiting We emphasize that in this procedure the valg,

Eq. (4) instead of Eq(3). As we already emphasized in Sec. =1.3 eV for the flat-surface state was not determined by
Il B, this is possible when information on the minimum bar- running until = exceededry,, in Eq. (5); rather, E, was

rier E, to escape from a state is available. We recall that th¢imply found in a quick preliminary study. However, during
experimental melting temperature for Aglis,=1234 K, so  the whole set of TAD simulations presented in this work, we
that T<T,/2 in the wholeT range considered here. As a nhever observed an event attempted from the flat-surface state

consequence, it was easy for us to guess in advance that tWéth a barrier lower than thi€,,, and at the end of the
system would spend most of its time in the ordered stat§imulations the total time accumulated in the state exceeded
characterized by a perfectly flat surfaéeSo, before running  7min [S€€ EQ.(5)]. Thus, after the fact, we could conclude
the TAD simulations, we investigated possible escape path&at our estimate dE,, was correct, validating all the simu-
out of this state by using short-tinfiew n9 MD simulations  lations. This “gambling” approach can be very powerful, if
at T=1000 K, and computing the activation energies of thethe gamble pays off. In this case it did pay off, but if a barrier
detected mechanisms using the nudged elastic barl@wer than the previously estimatéd,, had shown up dur-
method®® In this preliminary study, we found that the diffu- ing the simulations, all the simulations would have had to be
sion mechanism with the lowest activation barrier was theestarted using the lowe ;.

Frenkel-pair formatior{see Sec. Il C for a detailed descrip-
tion), with an activation energy oE=1.3 eV!® We then
supplied to the TAD code thig,, barrier for the flat-surface
state, and we instructed the code to use(Bpinstead of Eq. Snapshots of the surface evolution are displayed in Fig. 2,
(3) each time the system was in this state. For all the othewhere an atom is shaded if it occupies a different position
configurations visited by the system during its evolution, wethan in the initial configuration. The surface always looks
did not supply anya priori information on the dynamics, and flat, but, between snapshots, atoms clearly diffused within

L IOIWL
1=0.1 ms

C. Surface evolution
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knight mechanism, because of the close resemblance with
the knight mechanism found by Cohen on (f@0
surfaces? The increased distance between the adatom and
the vacancy causes an important difference from the simple
Frenkel-pair formation. In this casd&;,g~1.48 eV, Egc
=0.50 eV, andEg,=0.43 eV, so that the immediate anni-
hilation of the adatom-vacancy pair is favored by only
0.07 eV. If the vacancy jumps one site further away from the
atom, the probability for the system to return to the flat-
surface state without shuffling atoms is very low. As in the
FS case, in the figure we only reported a simple example of
a path leading to shuffle and generated by a knight mecha-
nism. We shall call KSknight-induced shufflemechanisms
the set of all possible shuffle processes initiated by a knight
mechanism, and with an effective activation barrigfS
=Eagt (Egc—Ega) ~1.55 eV. In the bottom panel of Fig.
4 another mechanism leading to a change in the positions of
E D the surface atoms is displayed. In this case the shuffle is
16 18 2 22 24 26 28 3 32 34 directly caused by a single mechanism with no vacancy: four
K- 1 OOO/T atoms within the surface are involved, and they switch posi-
tion surmounting a single saddle point. We shall call this

FIG. 3. Arrhenius plot representation of the tracer diffusion Co_mechanlsm rotation-induced shuffleRS). We find E*®
efficient for a single surface atorfi.is in K andDyy, is in cn? s~ 2. ~154 ev. . . .
The line is the best fit WittE,,= 1.52 eV andD=8 cr's L. _Summarlzmg, there are three different mechanisms whose

activation energy is very close to the valig,=1.52 eV

the surface. To quantify the importance of such atomicextracted from the Arrhenius analysis of the diffusion coef-
shuffle we computed the tracer diffusion coefficiddy,, for ~ ficient. Note that in the RS mechanism the number of atoms
a surface atom at different temperatures. To this goal, wévolved (4) is fixed, and they are all displaced by a single
used the efficient memory expansion method of Ref. 17. Adattice site. On the other hand, paths leading to larger dis-
Arrhenius plot of logDg;) as a function of 17 is displayed in  placements and/or several-atom rearrangements are likely for
Fig. 3. Note that the simple la®¢,= Doexp(—Eg,/kgT) fits  the FS and KS mechanisms. For this reason, FS and KS give
the data fairly well, forE¢,~1.52 eV, andD,~8 cnfs L. a much larger contributiortin terms of a larger prefactpr

Typical diffusion paths responsible for the surface-atomto Dgp.
motion are shown in Fig. 4. The easiest event leading to We note that concerted events somewhat similar to those
shuffle is triggered by the formation of a simgldatom and  reported in this section have been found also on stepped
vacancy are adjacerfErenkel pair(top panel of Fig. & After ~ metal surface$’ In this subsection we described the most
the Frenkel pair is formeflA—B, with activation energy frequent events leading to shuffle of the surface layer. Very
E g~ 1.30 e\V}¥], the easiest event is the reabsorption of therarely, and only at the two highest temperatures, we also
pair into the surface B—A, Ega~0.27 eV). If this hap- detected events causing a change in the positions of atoms
pens, the atoms return to their initial configuratiok) ( and ~ occupying subsurface layers. Indeed, a careful inspection of
no atomic shuffle occurs. If, instead, a higher barrier is surthe right panel of Fig. 2 reveals a single shaded atimhi-
mounted B—C, Egc~0.50 eV), several atoms can easily cating that the atom has mowveid the second layer at both
change their position within the surface, before the adaton] =500 K andT=600 K.
and the vacancy annihilate. In the figure, we have illustrated )
only the simple cas—C, C—~D (Ecp~0.50 eV), D D. Inadequacy of standard molecular dynamics
—E (Epg~0.27 eV), but many more alternative paths are Due to the high activation energies involved, and to the
possible from configuratioB, all characterized by an effec- relatively low temperatures considered, a standard MD simu-
tive barrier EFS=E g+ (Egc—Ega)~1.53 €V, where the lation, run for, say, several ns, would have revealed the pic-
superscript FS stands for Frenkel-pair induced shuffle. Manyure of a static surface, where all the atoms simply vibrate
of these paths can lead to multiple-atom rearrangement aratound their equilibrium positions. Contrasting with the
to large displacements. For example, if from configuratton shuffle behavior discussed above, we see that this picture is
the vacancy makes another jump so that the adatom-vacanegcurate only in the short time scale reachable with MD. In
distance grows, a long random walk involving many atomsorder to observe some atomic motion using standard MD, it
moves might be needed before the vacancy is annihilateds necessary to simulate at a very high temperature. The re-
Surface shuffle is not induced by FS mechanisms only. Arsults obtained by simply increasing the temperature, how-
important alternative is displayed in the central panel of Figever, would be representative of the high-temperature behav-
4: three atoms are involved, one of them is pushed over ther only. This can be easily demonstrated for the system
surface, and at the end the adat¢amtom 3 in the figureis  considered in this paper. We ran standard MD Tt
not adjacent to the vacancy). We call this event the =1000 K (keeping the same system size used in the TAD

—
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FIG. 4. Top panel: Frenkel-pair formation and one possible FS path leading to shuffle. From A to B: atom number 2 is pushed over the
surface by atom 1. The process causes the formation of a vacdhclf (from B to C) the vacancy makes a jump, an easy way for atom
2 to annihilate the vacancy involves a single juffimm C to D), and the subsequent move leading to E. From A to E, 4 atoms change
position within the surface. Central panel: knight mechanism and one possible KS path leading to shuffle. From A to B: atom number 3 is
pushed over the surface by a concerted mechanism involving atoms 1 and 2, causing the formation of awdfctecyacancy moves to
the position represented in C, atom 3 makes a single jdpand then annihilates the vacancy (); 5 atoms are shuffled by the
mechanism. Note that passing from A to E, atom 3 makes an effective double move. Bottom panel: four-atom rotation mechanism. From A
to B, 4 atoms are involved in a concerted 90° rotation. The RS mechanism directly causes shuffle of the four atoms. Note that the atom
reordering(if the direction is reverseds indistinguishable from the FS example given in the top panel.

simulationg, until we reached a simulation time of 6 ns. Due real complexity of the system dynamics on relevant time
to the high temperature, many mechanisms were detected, §tales at the desired temperature.

spite of the extremely short time scale. We observed a be-
havior totally different from the one found at the lower tem-
peratures in our TAD simulations. In the left panel of Fig. 5,
the numbeN,,; of atoms found out of the surface lay@e., An important point to be addressed is how strongly these
promoted to the adlaygris plotted as a function of. spontaneous shuffle processes contribute to the mobility of
Whereas in the TAD simulationgvhich were carried out in  the surface atoms in the presence of an equilibrium concen-
the temperature range 300—600 te system was observed tration of surface vacancies. We recall that equilibrium-
to spend only a negligible fraction of time out of the flat-

E. Spontaneous shuffle vs thermal-vacancy induced motion

surface configuration, &t=1000 K at least one atom is out T=1000 K, standard MD (SIS TSRS RS RS TSN
of the surface layer about a third of the time. Moreover, at ° C 2
T=1000 K, configurations wherl,,>1 are easily found. 4 e 4
An example of the casél, =4 is illustrated in the right <3 e 2
panel of Fig. 5: a cluster of four atoms is formed, leaving = 2 C !
four vacancies in the surface layer. In contrast, our TAD A H ( )
simulations revealed that in the temperature range 300—60! \ m H M § 3
K it is extremely unusual to have more than a single atom o 500 1000 150 2000 2500 3000 3500 (Aeiciciicicticly
out of the surface layefAt T=600 K we detected a single tps) - I
transition causing the formation of a dimer on the surface; in g, 5. Ag100): results of a standard MD simulation at
all the other cases only single atoms were fuialconclu- - 1000 K. Left panel: number of atomé,,, found out of the sur-

sion, the dynamical evolution in a standard MD simulationface layer at the time. Right panel: configuration witiN,,= 4

on a short time scale, at either low temperature or high temdetected in the MD simulations. Full circles represent the four at-
perature, is not representative of the true long time-scale dyoms laying over the surface, gray circles the surface layer, and
namics at the low temperature. TAD allows us to capture thempty circles the second layer.
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vacancy induced motio(EVIM) was investigated in Refs. anharmonicity errors, for a mechanism with activation en-
2,3. If a vacancy is already present on the surface, each timergyE, is to determine its real ratg., at Tpgn, as extracted

it moves it induces a single-atom move within the surface. Iffrom MD simulations, and compare it with the hTST rate
E! is the vacancy formation energy aii is the vacancy Knrst given by Eq.(1). The necessary frequency prefactor
diffusion barrier, the effective activation energy for such ao; can be computed using the Vineyard expression
process is given b= EL+EU . For the system considered

here, our potential give®@~1 eV, so thaQ<Eg,, meaning N m
that at, low T, EVIM will dominate with respect to the H vi
spontaneous-shuffle induced moti¢8SIM) found in this Knrst=3an=1—€XP( — E/kgThign), (6)
work. Still, it is conceptually important to understand that H V3
I

even in the absence of a thermal concentration of vacancies,

atoms within a flat surface do move. For instance, let us

consider a terrace on a surface, at a temperature where téiereN is the number of moving atoms in the syster{,
equilibrium concentration of vacancies is such that there is #epresents theth normal mode at the minimum, ang the
very small, and fluctuating, numbén) of vacancies in the ith normal mode at the saddle. To boost the dynamics out of
terrace. If atomic diffusion occurred purely due to EVIM, the flat-surface state, we had to use a very high value for
hypothetical real-time measures of the tracer diffusion coefTpigy (1000 K; see Sec. Ill A because of the extremely high
ficient D for the terrace atoms would yield a certain value activation energies for every possible mechanism taking the
of Dt for each value o, and zero whem=0. Instead, System out of this state. As a consequence, some anharmo-
SSIM guarantees thdd;>0 at all times. Moreover, one nicity in the rate can be expected. We looked for anharmonic
could imagine realistic out-of-equilibrium situations where effects for the Frenkel-pair formation mechanism. Ry,

the thermal concentration of vacancies is lowefed., dur- =1000 K, the ratioy;qo defined by y1005=Kreal/KntsT 1S
ing growth, so that the relative importance of the spontane-~ 3. However, this does not automatically mean that the cor-
ous shuffle is enhanced. responding extrapolated ratesTgs, are affected by an error

We wish to stress that a simple comparison betw®en of a factor 3. If Yoigh= Y Tiow’ then the extrapolation proce-
and Eg, is not enough to reveal the relative importance ofqyre [Eq. (2)] is still exact. For example, we foungtgg,
shuffle and equilibrium-vacancy induced motion. As we—, . so that a TAD simulation run WitfT gr= 1000 K
pointed out aboveDy, is characterized by a very large pref- and T, =800 K would have generated the correct rate for
aCtOI’, due to the nature of the FS and KS mechanisms. As me Frenke'_pair formation aT|OW= 800 K, in Spite of the
consequence, we expect SSIM to become more importagct that the rates are anharmonitt. was not possible to
with respect to EVIM asT is increased. In the whole range collect enough events to compute a statistically meaningful
congldered here, EVIM spll dominates, although SSIM may,, for T<800 K.) On the other hand, we know that
dominate for other materials. —1 for T—0, so that for a sufficiently lovT,y,,, the ex-

Finally, we note that the values @f, at 500 and 600 K trapolated rates will be 3 times larger than the real ones. In
that we extracted from the Arrhenius plot of Fig. 3 might conclusion, at thd,,, values considered in our simulations,
underestimate the real ones, because of finite-size effectge Frenkel-pair formation rates were artificially enhanced by
Indeed, at the two highest temperatures, we occasionally oy factor between 1 and 3. At=300 K the error was prob-
served the vacancy and/or the adatom moving so far ongply close to the full factor of 3. We realize that for some
from the other that the annihilation was forced by the im'systems, such an error can be considered unacceptable. In
posed pe_riodic poundary.condi.tions. By significantly increasypig case, though, we note that a simpl&% rescaling of
ing the simulation cell sizéwhich we could not afford to  the mechanism barrier would induce such a difference in the
do), the effective displacements caused by these evenigtes so this anharmonicity error is probably smaller than the
would have been larger. error typically accepted as unavoidable when using semi-
empirical potentials. Anharmonic errors can be lowered by
using a lowerTyg,. For example, we checked the anhar-
monic errors for a randomly chosen set of mechanisms found

If the rate of every possible diffusion mechanism is givenin the growth simulations of Ref. 13, where we usBEg,
by Eq. (1), TAD describes the exact dynamics of the system=600 K. The anharmonic error was always less than a factor
(with confidence % 65). However, deviation from the of 2.
Arrhenius behavior can occur, especially at high tempera-
tures. As explained in Sec. Il A, in the TAD method the
escape times from a given state at a temperalyg are
extrapolated from the corresponding timesTgt,> Tioy - If In this paper we investigated, by TAD simulations, the
anharmonic effects are present B, the extrapolation evolution of an ideal AgLOO) surface well below its melting
procedure will transfer them t®,,, as well. If Ty, is par-  point. Exploiting the enhanced boost in the dynamics offered
ticularly low, anharmonic effects are not expected, so that th@y the most recent version of TADwe were able to reach
rates extrapolated t@,, from the ones all 4, will suffer  extremely long time scales, and to detect important diffusion
from an extrapolation errorA possible way to check for mechanisms involving the surface atoms. In particular, we

F. Anharmonic effects

IV. CONCLUSIONS
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