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Isothermal dynamics simulations of spontaneous alloying in a microcluster
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Dynamics of surface atoms penetrating into microclusters is investigated in connection with the very rapid
alloying phenomenon in metal microclusters first discovered by Yasuda, Mori M. Komatsu, K. Takeda, and H.
Fujita, J. Electron Microsc.41, 267~1992!. A new algorithm to simulate the cluster dynamics where isothermal
condition is satisfied without adding any stochastic noise is developed in order to suppress gradual temperature
rise due to the emission of reaction heat. The dependence of radial diffusion and alloying processes on
temperature and negative heat of solution are elucidated separately. The diffusion process obeys an Arrhenius-
like law, and unexpectedly, the radial diffusion rate is not very sensitive to the magnitude of negative heat of
solution. This fact implies that the rapid diffusion is not a peculiar feature of binary clusters but a universal
feature of small clusters. However, the magnitude of negative heat of solution still dominates the alloying
process through a preexponential factor. The mechanism causing the rapid radial diffusion is quite different
from the mechanism of diffusion in bulk solid, and very active motion of atoms along the surface of cluster
plays a crucial role. Based upon our quantitative results, the mechanism with which the surface activity is
converted into the rapid radial diffusion is discussed.

DOI: 10.1103/PhysRevB.66.245412 PACS number~s!: 61.46.1w, 66.30.Jt, 67.80.Mg, 02.70.Ns
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I. INTRODUCTION

Nanosized microclusters consisting of less than 13

2104 atoms have very curious features which cannot be
served in bulk systems. A number of interesting static a
dynamical properties of nanosized clusters have been
ported by many authors during last two decades.2 A remark-
able feature of microcluster is its dynamical activity. Rap
shape transformation of small Au clusters on a substr
which was first observed by Iijima,3 is a typical example
manifesting the dynamical activity of microclusters. Such
phenomenon allows for some kinematical interpretatio
based upon the shallow multibasin structure of free-ene
function.4,5 Sawada and Sugano showed that the rapid sh
transformation may be spontaneously induced by thedeter-
ministic chaotic dynamics of the cluster itself without an
thermal agitation from the external environment.6–8 Wander-
ing motion of clusters among various shapes is very sim
to a chaotic itinerancy among destabilized attractors.9–11 An-
other example of the dynamical activity of microcluster
the ‘‘coexisting phase’’ between solid and liquid, which w
first reported by Berry and his co-workers on the basis
their deterministic dynamical~i.e., microcanonical! simula-
tions of a Lennard-Jones cluster.12 In many aspects, the dy
namical activity of microclusters seems to be attributed t
very large fluctuation due to the deterministic chaotic m
tion. A remarkable feature peculiar to the microcluster is t
considerable part of the constituent atoms are on the sur
along which atoms can move very actively, in other wor
the surface of cluster melts13,14Such a feature seems to be
essential origin of dynamical activity in microclusters.
0163-1829/2002/66~24!/245412~13!/$20.00 66 2454
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In 1992 Yasuda and Mori~YM ! discovered a very interest
ing phenomenon manifesting the dynamical activity of m
croclusters by using transmission electron microscope. T
observed that the solute atoms~e.g. Cu atom! deposited on
the surface of nanosized metal cluster~e.g. Au cluster! on a
substrate are promptly absorbed into the host cluster
highly concentrated and homogeneously mixed alloyed c
ter is formed at room temperature.1 Figure 1 illustrates their
in situ observation. Such a rapid alloying process is oft
calledspontaneous alloying~SA!. YM explored extensively
the presence of SA for a variety of combinations of solu
atom~hereafter referred to asguestatom! and the host cluste
such as~Au,Ni!,~In,Sb!,~Au,Zn!, and~Au,Al!, and they con-
firmed that SA is a universal phenomenon in nanosized
nary metal clusters. Their experimental results can be s
marized in the following items:

FIG. 1. Schematic illustrations ofin situ observation of the SA
by YM. ~A! individual copper atoms are deposited on a gold clus
~B! SA is completed. Copper atoms dissolve into a gold cluste
form a homogeneously mixed alloy cluster.
©2002 The American Physical Society12-1
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~1! In case of Cu-Au cluster the estimated diffusion rate
more than 109 times faster than that in the bulk medium.

~2! Complete alloying is observed in the cluster less th
a critical size. For clusters larger than the critical size,
alloying takes place only in a shell-shaped region beneath
free surface of individual cluster and a core composed o
by the host metals is retained.

~3! The critical radius increases with the modulus of ne
tive heat of solution. For the combination of species w
sufficiently large positive heat of solution, SA does not o
cur.

~4! The SA occurs in the solid phase of the cluster.
Quite recently, Kimura, Kaito, and their co-workers o

served that alkali halide microclusters composed of~KCl,
KBr! and some other combination of ionic species also fo
a mixed cluster within sec at room temperature.15 These ob-
servations strongly imply that the very rapid formation
mixed cluster is not a peculiar feature of metal clusters b
universal feature of general kind of binary microclusters.

To understand the dynamics of SA, Shimizu, Sawada,
Ikeda ~SSI! examined numerical simulations by using tw
dimensional~2D! Morse cluster.16,17Since their final purpose
is to elucidate the role of deterministic chaos in SA, th
used a microcanonical simulation based on the Newto
equation of motion. They demonstrated that the SA occur
the solid phase if the heat of solutions is negative. Furt
they elucidated a remarkable size effect and temperature
pendence of the alloying process. Thus the essential fea
of YM’s experiments summarized in the above items w
well reproduced in their simulation. However, to understa
the actual process of SA and its underlying mechanism, th
still remain several basic problems to be overcome. SSI u
the microcanonical simulation, which means that the sys
is isolated and total energy is conserved. As a result, bec
of the emission of reaction heat in the progress of alloyi
the heating up of the cluster makes their results ambigu
and confusing: in order to make the time required to co
plete alloying~say, the alloying time! shorter than a micro-
second, which is the upper bound accessible by recent c
putational ability, their simulation was done in a relative
high-temperature regime of the solid phase. Under the iso
ergetic condition the emitted heat pushes the temperatur
toward the melting temperature and hence influences con
erably the SA process. As was shown by SSI, the alloy
time crudely exhibits an Arrhenius-like temperature dep
dence, and hence it is very sensitive to the temperature
Therefore, it was impossible to establish how the SA
pends separately on the key parameters such as temper
negative heat of solution, and cluster size, and so on.

A more practical requirement comes from the experim
tal situation. The experiment of SA is observed in the cl
ters placed on the substrate of amorphous carbon film.
emitted heat may be released to the substrate on the
scale much shorter than the alloying. In fact YM obtained
strong experimental evidence that there is no significant t
perature rise in the alloying process.18,19 Since the experi-
ment is done under the constant temperature condition,
necessary to take account of the effect introduced by
isothermal condition. Based on the above considerations,
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strongly desired to reexamine the simulation of SA under
isothermal condition and compare its results with that un
an microcanonical condition. This is just the purpose of
present paper.

For the purpose of technological applications there h
been a number of researches for the diffusion process
atoms in the bulk media.20 However, quite few deal with the
diffusive penetration of atoms into microclusters, probab
because of experimental difficulties. What we would like
make clear is the mechanism of very rapid diffusion into t
microclusters, which will not be peculiar to binary cluste
but universal in microclusters. For this purpose, first of
we should explore theactivation processbehind the diffu-
sion process, which is also fundamental in the conventio
investigations of atomistic diffusion in bulk media.20 Such a
research is possible only under the temperature contro
condition. In the present paper we investigate the deta
features of SA for a model 2D cluster under the temperat
controlled condition. In particular, we concentrate ourselv
to elucidating the effect of heat of solution and the effect
temperature, which cannot be resolved separately in the
crocanonical simulation. The size effect will be reported in
subsequent paper.

The present paper is organized as follows. In Sec. II
propose a temperature controlling algorithm suitable for
purpose. We discuss in detail why the proposed algorithm
adequate for the isothermal simulation of SA. The mo
Hamiltonian and the initial configurations of our simulatio
together with standard tools used in the data analysis
introduced and discussed. Sec. III is the main part of
present paper. First of all, in Sec. III A we demonstrate t
the size of cluster is a crucial factor of SA. Fixing the size
cluster to a typical one, we focus our attention to the dep
dence of SA on temperature and negative heat of solution
Sec. III B we investigate the activation process of diffusi
motion in radial direction of cluster. By the method of op
mal Arrhenius scaling, the activation energies associa
with the radial motion of atoms are evaluated as precisely
possible, and some unexpected features of the diffusion
cess and the alloying process~these two should conceptuall
be distinguished! are elucidated for the first time by the iso
thermal simulation. Finally in Sec. III C we discuss th
relation between the radial diffusive motion and the ve
rapid diffusion along the surface of cluster. A direct eviden
that the surface diffusion controls the SA is presented
Sec. III D, and the mechanism with which the surface mot
is converted into the radial diffusion is discussed in Sec.
which is devoted to the conclusion and discussion of
present paper.

II. PROCEDURE OF SIMULATION

In this section we discuss the algorithm used in our sim
lation together with the model potential and the initial co
ditions.

A. Averaged kinetic-temperature controlling method

Several algorithms, such as instantaneous velocity sca
method, Nose’s method etc, with which the kinetic tempe
ture is controlled accurately to a desired level have b
proposed.21–25These methods are very powerful for the is
thermal simulation of bulk systems done under the perio
2-2
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boundary condition. Unfortunately, these methods canno
directly applied to cluster systems with free surface, in p
ticular, to the alloying clusters which are far from the eq
librium and emit considerable amount of heat in the simu
tion process. Indeed, we examined these methods
microclusters, and we often observed some undesired
nomena such as uncontrollable evaporation of surface at
and dissociation of the cluster.26

We recall that we want to control is not the kinetic tem
perature defined at every instance, but the averaged kin
temperature that increases very slowly on a very long t
scale of alloying. The method we introduce here suits
aim, namely, it controls the kinetic temperature averag
over such a long time interval that it is well defined.

For sake of simplicity we consider a two-dimension
~2D! cluster which has no total momentum and no total
gular momentum. The instantaneous kinetic temperatur
then defined byT(t)5@2Ek(t)/(2N23)kB#, where EK(t)
5( i 51

N pi
2/2m is the total kinetic energy of the cluster at th

time t andN is the number of constituent atoms. LetT̂(t) be
the averaged kinetic temperature defined over the time in
val of t precedingt,

T̂~ t !5E
t2t

t

T~ t8!dt8/t. ~1!

By ‘‘temperature’’ we hereafter mean such a time-averag
kinetic temperature over a sufficiently long time scalet con-
taining more than a few hundreds of Debye oscillations.
T be the target temperature to be realized, then we rescal
momentumpi of each constituent atomi according to

pi8~ t !5AT̂~ t !2«~ T̂~ t !2T!

T̂~ t !
pi~ t !, ~2!

where « is a positive parameter much less than the un
Such a procedure is repeated at everyt, ie. at t5nt (n
5 integer!, and in the intervalnt,t,(n11)t between the
successive two scaling processes, the trajectory is propag
by the Hamilton’s equation of motion.

q̇i~ t !5
]H~$qi%,$pi%!

]pi
,

ṗi~ t !52
]H~$qi%,$pi%!

]qi
.

We denoted the total energy, which is conserved in the in
val nt,t,(n11)t, by En . Let the total potential energy b
U(t) and defineV(t)52U(t)/@kB(2N23)#, then by using
the identities 2En /@kB(2N23)#5T̂(nt)1V̂(t)(nt) and
2(En112En)/@kB(2N23)#5T(nt10)2T(nt20) togeth-
er with Eq.~2!, it immediately follows that

T̂„~n11!t…2T̂~nt!

t
52

«n

t
@ T̂~nt!2T#1J„~n11!t…,

~3!
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where «n[«T(nt20)/T̂(nt)(.0), and J„(n11)t…
[2V̂„(n11)t1V̂(nt)…/t. Since the time-averaged quan
tity such asT̂n5T̂(nt) andV̂n5V̂(nt) do no longer fluctu-
ate violently and they can be looked upon as slowly vary
functions of the discrete timet5nt. Therefore, T̂„(n
11)t…2T̂(nt)/t etc. can be replaced by the derivativ
dT̂(t)/dt, and Eq.~3! is approximated by a differential equa
tion

dT̂~ t !/dt52g~ t !@ T̂~ t !2T#1J~ t !, ~4!

whereJ(nt)5(V̂(nt)2V̂„(n11)t)…/t;2dV̂(t)/dt is the
source term which almost takes positive values in case of
alloying problem because the total potential energy decre
through the alloying process.16,17 Equation~4! can be inter-
preted as a relaxation equation for the time-averaged kin
temperatureT̂, and the relaxation term multiplied by the e
fective relaxation rateg(nt)[«n /t suppresses the deviatio
of the averaged kinetic temperature from the target temp
ture T against the heating up due to the source termJ(t).
Note that the instantaneous temperatureT(nt20) is the sum
of the kinetic energy ofN particles, and so its relative fluc
tuation around the averaged quantityT̂(nt) is at most
O@1/AN# if dynamics governed by the Hamilton’s equatio
of motion is fully chaotic. We may thus approximate«n;«
andg(t);g[«/t, and Eq.~4! yields

T̂~ t !2T5E
0

t

e2g(t2s)J~s!ds ~5!

Now we suppose that the magnitude of the source term
bounded from above such thatuJ(t)u,J, then

uT̂~ t !2Tu
T

,
J

Tg
. ~6!

Let DU be the decrement of the total potential energy wh
the alloying is achieved at thealloying time talloy , then J
;2DU/@(2N23)kBtalloy#, and the sufficient condition for
keeping the averaged kinetic temperature close to the g
targetT is

g5
«

t
@

2DU

~2N23!kBTtalloy
. ~7!

The DU will be estimated in Sec. II D. In typical alloying
process, the right-hand side is so small that we may choo«
small enough~typically less than 0.01! and t sufficiently
long ~typically more than 10 ps!. With these values we
achieved a kinetic temperature control less than a
percent.

The system behaves as an isolated system obeying
deterministic Hamilton’s equation of motion except at t
instants of the rescaling. Moreover, the effect of the resca
procedure on the trajectory is extremely small. The pres
algorithm meets our requirement that the average kin
temperature is controlled to a desired level keeping the m
fications to the original law of motion as small as possibl

Our model does not, of course, generate canonical
semble in a mathematically rigorous sense, but it is c
firmed that subsystems obey canonical distribution at
2-3
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temperatureT. In particular, the velocity distribution of an
sampled atom in the cluster exhibits Maxwell-Boltzma
distribution. Detailed stability analyses for a generaliz
form of our scheme will be presented in a forthcoming pap
in which comparison with the well-known Langevin alg
rithm will be also done.26

B. Model

The potential part of our model Hamiltonian

H5(
i 51

N
1

2m
pi

21(
i , j

Vkl~ uqi2qj u! ~8!

is the Morse potential that was used in the previous pape17

Vkl~r !5ekl$e
22bkl(r 2skl)22e2bkl(r 2skl)%, ~9!

where the suffixesk and l specify the two species of atom
sayhostandguestatoms. Host and guest atoms are deno
by A and B, respectively. A cluster containsNA host atoms
and NB guest atoms, and the total number of atoms isN
5NA1NB . We choose bAA5bBB5bAB51.3588@A21#,
eAA5eBB5e50.3429@eV# and sAA5sBB5sAB
52.866@A#, which correspond to the values for Cu atoms27

Finally, the only free parameter

a5eAB /eAA ~10!

controls the heat of solution in the binary system. It is a k
parameter of the SA process. In fact, the heat of solutionDH
in the bulk medium given by

DH5z~12a!e, ~11!

where z is coordination number. The choicea.1 and a
,1 indicates the negative and positive heat of soluti
respectively.

The reasons why we use such a simple kind of two-bo
potential instead of more realistic many-body potential
vised for the simulation of metals were fully discussed
Ref. 17, and we do not repeat it here. Results of simula
based upon many-body potential will be discussed in R
28.

Our simulation is performed in the two dimension. T
main reason why we use the 2D cluster is that the comp
tion time for the 2D model is much shorter than the 3
model. Since the alloying is a very slow process, the co
putation time required for an alloying process to compl
exceeds microsecond. A 4 nm-sized 3D cluster exhibiting
SA contains more than a few thousand atoms, and a sim
tion for such a cluster over microsecond is beyond
present computational capability. Based on the results of
preceding works,16,17 we become strongly confident that o
2D simulation reproduces the essence of experimentally
served features summarized by the four items in the In
duction.

We integrated the Hamilton’s equations of motion by t
velocity-Verlet algorithm with the step-size 1022 ps. The ve-
locity rescaling procedure is done at everyt.10 ps ande
50.01.
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C. Initial configuration

The initial configuration of the binary cluster from whic
the simulation starts is prepared in a similar procedure a
Ref. 17. First, we suppose that the cluster is composed
single species of atom, and make it relax to the equilibri
state at a given temperatureT by applying the average ve
locity scaling algorithm. Next, we replace most of atoms
the surface of cluster with guest atoms. We regard it as
initial configuration and continue simulation by the proc
dure described in Sec. II A. In the present paper various
of clusters of total atom numberN567, 117, and 200 are
examined. Among them we extensively test theN567 clus-
ters composed of;6 layers. A typical example of the initia
configuration of theA47B20 is depicted in Fig. 2.

As we are interested in the alloying of process of t
clusters in the solid phase, the simulation is done well be
the melting temperatureTM , which is decided by the caloric
curve. It is obtained by successive microcanonical simu
tions changing the total energy at a small grid. We ident
the time-averaged kinetic temperature at which a discont
ous jump occurs in the caloric curve as the melting tempe
ture TM .13 As the cluster is finite sized, it is in principle
impossible to locate the rigorousTM : the ‘‘melting’’ state is
distinguishable from the ‘‘nonmelting’’ state only within
finite time scale. Indeed,TM fluctuates considerably depend
ing upon the size of the cluster and the time over which
averaged kinetic temperature is defined. We, however, de
the melting temperatureTM5750650 K for the cluster of
the standard size (N567) mainly examined in the presen
paper.

D. quantities characterizing alloying dynamics

First of all we define the mean distance of the guest ato
R(t) measured from the center of mass of the cluster, wh
is fixed and is chosen as the origin because the total mom
tum vanishes,

R~ t !5
1

NB
(

i Pguest atoms
uq̄i~ t !u. ~12!

To eliminate very rapid vibrations of atoms around the eq
librium positions~typical period is the inverse of the Deby

FIG. 2. A typical initial atomic configuration for MD simulation
White and black circles denote host(A) and guest(B) atoms. This
cluster consists of 47 host and 20 guest atoms.
2-4
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ISOTHERMAL DYNAMICS SIMULATIONS OF . . . PHYSICAL REVIEW B 66, 245412 ~2002!
frequencyvD
21;0.1 ps), we take the smoothed dataq̄(t)

[* t2Dt
t q(t8)dt8/Dt averaged over a time intervalDt

;10 ps@vD
21 aroundt. Since the guest atoms are initial

on the surface,R(t) decreases as the alloying proceeds, a
R(t) measures how the guest atoms diffuses into the clu
but it does not provide information about relative arrang
ment of the two atomic species, which is the most import
feature of the alloying process. We introduce a quantity
rectly measuring such a feature.

If the heat of solution of the binary system is negative,
B atoms energetically prefer to be encircled by the host
oms. We define the number of neighboring host atoms p
guest atom as

nB~ t !5
1

NB
(

i Pguest atoms
NA( i )~ t !, ~13!

where NA( i )(t) is the number of the nearest-neighbor ho
atoms around thei th B atom at timet. This is a simple but
useful measure of the alloying process.16 If the interaction
between the two atoms more distant than the near
neighbor distance is neglected, the temporal change of
potential energyDU from the initial value is related to
DnB(t)5nB(t)2nB(t50), i.e., the deviation ofnB ,

DU52e~a21!NBDnB . ~14!

ThusnB(t) is roughly proportional to the energy gain due
the formation of the alloyed state. If the two species of ato
are uniformly mixed,nB(t) should benB

c 5z(12r ), where
r 5NB /(NA1NB). nB(t) generally increases starting from
nB(t50), which is decided by the initial configuration an
approaches the valuenB

c as the alloying proceeds.nB(t50)
in Fig. 2 is;2.1, whilenB

c is ;4.2 for theA47B20 cluster.
The third quantity measures the activity of rearrangem

of atoms, namely, the frequency of recombination of
neighboring atoms, which is estimated by the distan
index.7 Distance index is derived from a adjacency mat
A(t), which is theN3N symmetric matrix whose elemen
are

Ai j ~ t !5H 1: r̄ ~ t ! i j <A2s

0: r̄ ~ t ! i j .A2s
, ~15!

r̄ (t) i j 5uq̄i(t)2q̄j (t)u is the average distance betweeni and j
atoms. The distance indexdi(t) of the i th atom is, then de-
fined by

di~ t !5A(
j

uAi j ~ t1Dt !2Ai j ~ t !u2. ~16!

This measures the number of the recombining events aro
the i th atom and characterizes the mobility or the activity
the individual atom, whereDt is taken short enough to catc
each recombination event which occurs at the freque
;10–100 ps. We usually setDt;10 ps. The accumulate
distance index per an atom, which is defined by

S~ t !5 (
n51

t/Dt H (
i 51

N
di~nDt !

N J , ~17!
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is often used to quantify the mobility of the whole clust
atoms.

III. NUMERICAL RESULTS

A. How rapid is the alloying in smaller sized clusters?

One of the most surprising results of the alloying proce
in the nanosized metallic clusters is that the alloying time
much shorter than that of the bulk medium. This fact impl
that the diffusion rate of the atoms into the cluster depe
sensitively on the size of the cluster. First of all, we demo
strate that our isothermal simulation certainly reproduces
size-dependent effect. In the present paper, we do not in
tigate the detailed features of the size-dependence prob
which will be discussed in detail in a subsequent paper. T
aim of this section is only to show the validity of our mod
eling and of our method of simulation in connection with t
size-dependence problem.

Figure 3 compares the time dependence of the mean
tance R(t) for the three different size of binary cluste
A47B20, A84B33, andA140B60 together with their snapshot
of the configuration taken att5300 ns starting from the ini-
tial configuration shown in Fig. 2. Here we choosea51.2,
which is the typical value used in the present paper, and
temperature is controlled toT5600 K by the averaged ki-
netic temperature scaling algorithm.

When we compare the alloying dynamics in different s
of clusters, the composition of the two atomic species m
be taken so that the decrease of the potential energy per
in the ideally alloyed limit, which is given byDU/(NA
1NB)5e(a21)r (12r )z, may be the same for all differen
sizes. Thus the ratio of compositionr 5NB /(NA1NB) must
be chosen a common value (r;0.3 in the present case! in all
the different size of clusters to be compared.

As is evident from the figures, the velocity of guest atom
placed initially on the surface to diffuse inside the clust
which is characterized bydR(t)/dt, decreases markedly a
the size of the cluster increases. Such observations are
strong evidence that the essential origin of the very ra

FIG. 3. Comparison of time dependence of the mean dista
R(t) for the three different sizes of binary clustersA47B20, A84B33,
andA140B60 together with their snapshots of the configuration tak
at t5300 ns. Note that the vertical axis isR(t) –R(0).
2-5
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KOBAYASHI et al. PHYSICAL REVIEW B 66, 245412 ~2002!
alloying is the smallness of the cluster size. To clarify t
physical mechanism of such a very rapid process, we m
detailed quantitative analyses for the diffusion process
the cluster. Similar analysis has been done in the prev
paper, but the results are quantitatively very unsatisfac
because of the temperature rise during the alloying proc

B. Radial diffusion and alloying

1. Diffusion

The results demonstrated in the preceding section im
the presence of a very rapid diffusion process in the ra
direction of small clusters. As will be described below, su
a rapid diffusion process is by no means peculiar to the
nary clusters with negative heat of solution, but exists
small homogeneous clusters composed of only a sin
atomic species. We therefore start our investigation with

FIG. 4. Time dependence of mean distance of guest atomsR(t)
from the center.~a! Black lines are the data of thea51.0 cluster at
T5500,550,600 K and gray lines are the averaged optimally sc
data rescaled back to the individual temperaturesT of original data,
namely,R* sc(teTact(1/T21/600)) ~b! Black lines areR(t)’s at 500 K,
550 K, and 600 K, all of which are Arrhenius scaled atTscale

5600 K. Gray line is the average of all the black lines, ie.,R* sc(t).
The insertion indicatesD(Tact) vs Tact .
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radial diffusion process, which can be quantitatively captu
by the mean distanceR(t), taking the homogeneous cluste
as the reference system.

Figure 4~a! shows the time series ofR(t) obtained for
A47B20 at the three different temperaturesT5500, 550, 600
well below TM;700–750 K. These data indicate that th
diffusion process very sensitively depends on temperat
At every increase of 50 K the time for the guest atoms
penetrate fully into the cluster to becomes 3–4 times sho
which implies that the radial diffusion process is effective
described by an Arrhenius-like activation process.17

We have taken an ensemble average over more than
samples for each data~note that each sample containsNB
520 atoms and so the total number of sampled trajectorie
more than 2000!, but the fluctuation around the ensemb
averagedR(t) is not still negligible. Such an anomalous flu
tuation is a remarkable characteristic of a small cluster an
of great interest by itself, but it prevents us from knowing t
‘‘representative’’ behavior ofR(t) at each temperature. T
extract precise information of activation process from su
an anomalously fluctuating data, we use the followi
method.

Suppose that the time seriesy5 f i(t) measured at a fixed
temperatureTi represent an Arrhenius-like activation proce
characterized by a unique time scaletc of activation type,
then the data taken at different temperaturesTi(1< i<M )
should coincide with each other upon the scale transfor
tion

f Tact ,i
sc ~ t ![ f i S t expFTactS 1

Tscale
2

1

Ti
D G D , ~18!

whereTscale is an arbitrary temperature. We call the sca
transformation defined by the right-hand-side of Eq.~18! the
Arrhenius scalingat Tscale upon the activation temperatur
Tact . If all the data are Arrhenius scaled upon an activat
temperatureTact coincide with each other, we say that th
data isArrhenius scalable.

The radial diffusion data are not rigorously Arrheniu
scalable by a single time scale characterized by a partic
activation temperature.~see Sec. III D!. But if we limit the
time range of observation to the most active period of
radial diffusion such thatf mn<y5 f i(t)< f mx , where f mn
and f mx are common bounds of the window covering t
most active period of the processy5 f i(t), we can decide the
optimal activation temperatureTact* as theTact minimizing
the maximum distance defined by

D~Tact![maxiÞ jE
f mn

f mx
u f Tact ,i

sc 21~y!2 f Tact , j
sc 21~y!udy,

~19!

for a set of Arrhenius-scaled data obtained at different te
peratures, wheref Tact ,i

sc 21(y) indicates the inverse function

of y5 f Tact ,i
sc (t). We further definethe averaged optimally

scaled time seriesas the average over the optimal
Arrhenius-scaled data

d

2-6
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f * sc~ t ![ f T
act*

sc
~ t !5(

i 51

M f T
act* ,i

sc
~ t !

M
. ~20!

We hereafter omit the superscript* from Tact* when there
is no other any confusion.

As demonstrated in the inset of Fig. 4~b!, we can decide
the value of the optimal activation temperatureTact59000
6500 K, according to the method mentioned above. T
three data in Fig. 4~a! are Arrhenius-scaled data with respe
to the optimal activation temperatureTact and depicted in
Fig. 4~b!, where the temperatureTscale is chosen at 600 K.
Beside them the averaged dataR* sc(t) is also depicted, and
agreement of them seems to be satisfactory. To make a
ther check, we rescale the averaged data back to the
vidual original temperature to obtai
R* sc(teTact(1/Ti21/Tscale)) @the inverse transformation of Eq

FIG. 5. Time dependence of mean distance of guest atomsR(t)
for the a51.2 cluster.~a! Black lines areR(t) at T5500,550,600,
and 650 K, while gray lines are the averaged optimally Arrheni
scaled data rescaled back to each original temperature,
R* sc(teTact(1/T21/600)) Each set of black and gray lines coincid
very well. ~b! The optimally Arrhenius-scaledR(t) of a51.2 ~dot-
ted line! is compared with that ofa51.0 ~solid line!, whereTscale

is chosen at 600 K.
24541
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~18!#. They are compared with the original dataRi(t) in Fig.
4~a!. The agreement seems to be excellent and we may
clude that the radial diffusion is dominated by an effecti
activation process at least in the active stage of diffusion

Next, we discuss the radial diffusion process of the bin
cluster witha51.2, i.e., the case of negative heat of so
tion. Ri(t) measured at the four temperaturesTi
5500, 550, 600, 650 K are depicted in Fig. 5~a!. The opti-
mal Arrhenius scaling was applied to these data, and
evaluated the optimum value of the activation temperat
Tact592006500 K. The averaged optimally scaled time s
riesR* sc(teTact(1/Ti21/Tscale)) are also depicted and compare
with the original data. The fact that they exhibit a satisfa
tory agreement with the actual data means that the diffus
process of the binary cluster is also described by an effec
activation process.

A nontrivial and somewhat unexpected conclusion is t
within the permissible error the activation temperature of
radial diffusion agrees with the activation temperature of
homogeneous cluster. We compare in Fig. 5~b! the averaged
optimally scaled time seriesR* sc(t) of the binarya51.2
cluster with that of thea51.0 cluster. They are both scale
at Tscale5600 K assuming the common optimal activatio
temperatureTact59000 K. It is evident that the time scale
of the penetration process do not differ in the two cas
From these observations we have the following conclusio

The guest atoms obeys an Arrhenius-type diffusion p
cess of the effective activation temperature of Tact59000
6500 K. The activation temperature does not depends up
a. More precisely, the diffusion velocity does not sign
cantly depend upona at the same temperature.

This is an important result implying that the rapid diffu
sion is a common dynamical feature of small clusters an
by no means peculiar to binary clusters.

At first sight such a result seems to sharply contrad
with the experimental observation that the heat of solution
the driving force of the spontaneous alloying process. Ho
ever, the mean distance does not suitably quantify the de
of alloying, as is discussed in Sec. II D.

2. Alloying

As is discussed in Sec. II D, a physical quantity that m
sures the degree of alloying is the bonding numbernB(t)
introduced by Eq.~13!. If a.1, the increment innB(t) is
proportional to the decrement in the potential energy, wh
measures how the energetically preferable mixing of
guest atoms with the host atoms is accomplished. We s
in Fig. 6~a! the time evolution ofnB(t) observed in the ho-
mogeneous cluster atT5500, 550, 600 K On the othe
hand, Fig. 6~b! depictsnB(t) in the binary cluster (a51.2)
at the four temperaturesT5500, 550, 600, 650 K.

The guest atoms initially on the surface of cluster en
into the inside of the cluster because they energetically pr
to increase the bond number with different species of ato
thereby decreasing the totalenthalpy~or the total potential
energy!. Thus, as in Fig. 6~b!, the bond numbernB(t), in
general, increases monotonously and approach the i
value of alloyingnB

c 5z(12r )54.2 in case of the binary

-
e.,
2-7
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clusters with negative heat of solution (a.1). As in Fig.
6~a!, nB(t) increases also in the homogeneous cluster w
a51.0 in which no net change of enthalpy occurs. In t
case theentropy effect, which is not negligible compare
with the enthalpy at a finite temperature, may be conside
as the emotional force.

It is evident that the growth rate ofnB(t) is much faster in
the binary cluster than in the homogeneous cluster if
temperature is same, and the negative heat of solution ind
plays a key role in the rapid growing process ofnB(t), which
makes a sharp contrast to the case ofR(t).

In spite of such a remarkable effect of the heat of soluti
it does not give a significant effect on the activation proc
of the alloying. Indeed, we estimate the activation tempe
ture by the method of optimal Arrhenius scaling, assum
that the time evolution ofnB(t) obeys an Arrhenius-like ac
tivation process. We obtainTact585006500 K and Tact
588006500 K for the homogeneous and binary cluste
respectively. We show in Fig. 7~a! the smoothed time serie

FIG. 6. Time dependence of the bond numbernB(t). ~a! Black
lines indicatesnB(t) of thea51.0 cluster atT5500, 550, and 600
K. Gray lines are the optimally Arrhenius-scaled data rescaled b
to each original temperatureT, i.e.,nB*

sc(teTact(1/T21/600)), ~b! black
lines arenB(t) of the a51.2 cluster atT5500, 550, 600, and 650
K. Gray lines are the optimally Arrhenius-scaled da
nB*

sc(teTact(1/T21/600)).
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of nB(t) obtained at various temperatures for the binary cl
ter of a51.2 and those for the homogeneous cluster, nam
nBTact ,i

sc (t). Their original data are those depicted in Fig

6~a! and 6~b!. They are all smoothed and Arrhenius-scal
data to the common temperatureTscale5600 K based upon
the activation temperatureTact58700 K, which is the mean
value of the optimal activation temperatures ofa51.0 and
a51.2. The scaled time series ofa51.2 and those ofa
51.0, respectively, get close together and almost ove
with each other, which strongly indicates that the Arrhen
scaling works very well.

The optimal activation temperatures are consistent w
those decided by the mean distanceR(t) in the preceding
section. Again we have to conclude that bothR(t) andnB(t)
are dominated by the same activation process with the ef
tive activation temperatureTact58500 K–9000 K, which is
insensitive to the heat of solution. Hereafter, it is denoted
T' .

Although the heat of solution does not significantly affe
on the activation temperature, which dominates the SA
plays a very significant role in the alloying process. Inde

ck

FIG. 7. Comparison of the optimally Arrhenius scalednB(t) for
a51.0 anda51.2 clusters.~a! The datanB

sc(t) obtained at various
temperatures~500, 550, 600 K for thea51.0 cluster,and 500, 550
600, 650 K for thea51.2 cluster! optimally Arrhenius scaled a
Tscale5600 K. ~b! The averaged optimally Arrhenius scaled
nB*

sc(t) for the a51.0 anda51.2 clusters, whereTscale5600 K.
2-8
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Fig. 7~a! indicates thatnB(t) of a51.2 increases much mor
rapidly than those ofa51.0. To demonstrate such a diffe
ence more clearly, we show in Fig. 7~b! the averaged opti-
mally scaled time seriesnB*

sc(t), which are obtained by av
eraging the data depicted in Fig. 7~a! according to Eq.~20!.
They are the counterparts of Fig. 5~b! and represent ‘‘typi-
cal’’ functional forms ofnB(t) for a51.0 anda51.2, which
are extracted from the behaviors at various temperatures
regard the growth rateudnB*

sc(t)/dtu as the function ofnB

@5nB
sc(t)# rather than as the function oft. Then the growth

rate, in general, decreases asnB approaches the value of th
ideal alloying nB

c 5z(12r )54.2. The ratio of the growth
rate ofa51.2 to that ofa51.0 is more than eight times in
the active stage of the alloying process and the ratio is
ther enhanced as the alloying proceeds.

At first sight, it sounds strange that such a remarka
difference exists betweenR(t) andnB(t) although the acti-
vation temperatures of them coincide. It should be stres
again that the ‘‘diffusion’’ does not mean the ‘‘alloying’’
nB(t) measures the number of bonding of the guest ato
with the host atoms, andR(t) is the mean distance of th
guest atoms from the center of the cluster. In the case
homogeneous cluster, the guest atoms diffuses deeply in
but they are clustered and are not well mixed with the h
atoms when its mean distanceR(t) takes the same value a
R(t) of the binary cluster.

We can introduce the alloying timetalloy that character-
izes the time scale of alloying by usingnB(t). We define
talloy as the time at whichnB(t) reaches the mean value o
nB in the initial stage andnB in the ideally alloyed stage

nB~ t5talloy!5@nB~ t50!1nB
c #/2. ~21!

The observations of Fig. 6 and Fig. 7 allow us to summ
rize as follows:

The temperature dependence of the alloying time is of
Arrhenius type with the activation temperatureT'59000
6500 K, which is insensitive to the negative heat of so
tion. The effect of negative heat of solution is taken in
account in the form of a preexponential factorn5n(a
21),

talloy5n~a21!eT' /T. ~22!

The conclusion is rather surprising and is unexpec
from the results of microcanonical simulation.17 It is settled
for the first time by controlling the temperature at a desi
accurate level. Thea dependence of the pre-factor is di
cussed in more detail in Sec. III C.

C. Surface activity and radial diffusion

1. Surface diffusion

What is the mechanism of the very fast diffusion into t
cluster? Diffusion in bulk media is initiated by vacancies
interstitial effect.20,29,30 However, such mechanisms are n
relevant in microclusters. From an energetical argumen
can be shown that the possibility of vacancies formation
side the clusters much reduces as its radius becomes less
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a characteristic size.31 Indeed, observing animations of ou
simulation, creation of vacancies inside the cluster wa
very rare event even at the temperature close to the me
point. Further, we cannot find any evidence that the inter
tial deformation of crystal lattice, which allows an atom
penetrate into inner layers, takes place inside the clus
Therefore, neither of them is responsible for the very ra
diffusion into the cluster. We thus have concluded that
dominant mechanism of the radial diffusion is not the def
formation in the inner layers of the cluster.

On the other hand, it is well known that the atoms of t
cluster can move very actively along the surface,14,32–34and
it is plausible to suppose that the surface activity will play
key role in the spontaneous alloying and the rapid rad
diffusion. In this subsection we investigate activity of atom
on the surface of the cluster.

It is easy to measure the diffusion rate of atoms along
surface, but a more fundamental quantity which measures
surface activity is the accumulated distance indexS(t) de-
fined by Eq.~17!. Most of the rearranging events of atom
contributing toS(t) occur on the outermost layer closest
the surface,16,17,34 and so the distance index per unit tim
dS(t)/dt is proportional to the probability of an atom t
change its lattice site along the surface and is thus pro
tional to the surface diffusion rate, which is also confirm
numerically. We can decide the activation temperature as
ciated with the surface activity by applying the optim
Arrhenius scaling to the data ofS(t). We denote the activa
tion temperature byTi hereafter.

It is estimated atTact541006100 K and is less than 1/2
of the radial activation temperatureT';90006500 K. It is
convenient to represent the activation energies in terms
the energy per unit bonde/kB53980 K,

kBTi /e;1.03, kBT' /e;2.360.1. ~23!

2. Mass switching experiment

To confirm the key role of the surface, we show a sim
lation demonstrating how the alloying process is affected
the motion along the surface is interrupted by an artific
operation.

FIG. 8. Time dependence ofnB(t) for the free running and the
mass switching simulation. In the latter simulation the mass of
surface atoms was switched to 300 times larger one atts5100 ns,
which is indicated by a vertical line.A47B20-cluster is used, where
T5600 K anda51.2
2-9
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FIG. 9. Snapshots of the alloy
ing process for the clusterA47B20

of a51.0, atT5600 K. The vir-
tual guest atoms initally located
near the surface are denoted b
black circles, while the gray
circles are virtual host atoms
forming the core of the cluster a
t50.
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We start the simulation of alloying from similar initia
configurations as shown in Fig. 2, but the mass of so
atoms on the surface are switched to a larger mass~typically
300 times larger one! at a certain timet5ts when about half
of the guest atoms initially on the surface are absorbed
layers inner than the outermost layer. The atoms whose m
is changed are selected from the host atoms in the outer
layer, and so no guest atoms contributing to the alloy
undergo the mass switching. Sudden increase of the ma
atoms decrease their frequencies of vibration, thereby p
ing the role of the stoppers for the motion of guest ato
along outermost layer on the surface. We are intereste
how further penetration of guest atoms into the inner lay
is modified afterwards. The simulation was done by using
A47B20 cluster witha51.2 atT5600 K, where mass of the
selected surface atoms was switched to 300 times larger
at ts5100 ns. We show in Fig. 8 the time evolution of bon
numbernB(t) in comparison with that of the free runnin
simulation. It is evident that the growth ofnB(t) is notably
suppressed and keeps almost the same level att5ts , al-
thoughnB(t) of the free running simulation increases abo
the value of ideal mixing. The above observation provide
direct evidence that any event which occur inside the clu
is not responsible for the radial motion and the presence
the surface plays the key role in the rapid alloying proce

3. On the mechanism of radial diffusion

Then how the active motion along the surface is co
verted into the rapid radial motion? Since the radial diffus
rate does not significantly depend ona, we consider the
homogeneous cluster (a51.0) for the sake of simplicity.
Therefore, there is no temperature rise and the alloying
curs in the equilibrium.

A 2D microcluster almost takes the form of a hexag
whose surface is composed of six edges and six corne
the equilibrium. Some atoms are on the outermost layer
they move very rapidly from site to site along the surfa
They move collectively forming a group of an appropria
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number~typically three atoms! so as to reduce the number o
steps on the surface. The activation energy for a surface a
to change their site along the edge can be evaluated asTact

;1800 K, which is much less thanTi;4100 K, and soTi
should be associated with the activation energy of the col
tive motion.

Owing to the active movement along the surface, mos
the atoms covering an edge may migrate to other ed
Then the atoms contained in the edge are exposed, and
form the outermost layer. As long as the newly exposed e
is filled with atoms, it is still inactive. But if atoms are re
moved from the new edge, it gains the surface activity. T
easiest way to remove an atom from the newly exposed e
is to move the atom sited on the corner~i.e.,end of the edge!
to the next edge. Once the corner atom is moved, the n
atom on the new edge can migrate to other edges more
ily. In such a way the newly exposed edge has vacancies
gains surface activity, and most of the atoms in the new e
have the chance to migrate to other edges along the sur
Then the inner layer is exposed and again has the chanc
gain surface activity. On the other hand, the edges ne
covered by the atoms migrating from the newly expos
edge are buried in them to lose the surface activity. Rep
tion of such exposing and burying processes enables the
ner atoms to come out to the surface. Conversely speak
the surface atoms are allowed to enter into the cluster an
exchange their original positions with the inner atoms. T
is just the diffusion process governed by the activation te
peratureT' .35

We show in Fig. 9 a series of snapshots manifesting wh
is taking place according to the scenario described above
particularly focus our attention to the seven atoms colored
gray, which form the core part of the cluster att50. They
are pushed to reach close to the surface of the clustert
;400 ns. The core atoms move in a group forming a so
object until they come close to the surface. On the ot
hand, the atoms which are initially sited on the surface a
encircling the cluster almost symmetrically become distr
2-10
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ISOTHERMAL DYNAMICS SIMULATIONS OF . . . PHYSICAL REVIEW B 66, 245412 ~2002!
uted at random in the inner part of the cluster unoccupied
the gray atoms. Such a kind of the motions correspond to
radial diffusive motion of the surface atoms. An atom
taken away from the group of core atoms when they co
close to the surface (t;400 ns). They are pushed back in
the inner layers of the cluster (t;460 ns) and again ap
proach the surface (t;510 ns!, when an atom is taken awa
from the group (t;570 ns). After repeating such process
the object composed of the core atoms, which is moving a
a solid body inside the cluster, is damaged as it comes c
to the surface and loses its original form after a lapse
sufficiently long time: all the constituent atoms are scatte
at random over the cluster (t;900 ns).

The key processes of the rapid radial diffusion are
exposureor theburying of an edge, which is caused by th
migration of the atoms along the surface. As discus
above, the newly exposed edge will be activated by mov
the atom on the corner. The process requires the atom to
two bonds on the way from the corner to the next ed
which result into the activation energy of approximate
2e/kB;8000 K. On the other hand, the burying of an o
edge will be dominated by the process of carrying an at
absorbed at an end of the outermost layer~i.e., the step! onto

FIG. 10. ~a! Time dependence ofnB(t) at various values ofa.
~b! The dependence of the alloying time ona for A47B20 cluster at
T5600 K.
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it. The associated activation energy is also estimated appr
mately at 2e/kB;8000 K. These estimations are very cru
and are significantly less thanT';2.3e/kB . Moreover, quite
recently, there have been some evidences that more com
cated collective motions dominate the exposure and bury
process. In anyway, more qualitatively accurate analyses
required to identify the true rate-limiting process, but it
sure that the precise evaluation ofT' presented in our pape
provides with very useful information about the domina
process which converts the surface activity into the ra
radial motion.

Finally we comment that the transport process descri
here is observed also for the clusters modeled by a ma
body binding force.28

D. Dependence of alloying process upon heat of solution

As has been stressed, the negative heat of solution is a
parameter in the experiments of SA. It does not significan
influence the radial diffusion rate, but it drastically enhanc
the alloying rate.

Figure 10~a! shows the time evolution of bond numbe
nB(t) of the alloying process for binary clustersA47B20 with
various values ofa. Figure 10~b! depicts the alloying time
evaluated by the data of~a! as the function ofa. A remark-
able fact is that the alloying time decreases suddenly aa
increases but it saturates beyonda;1.1.

The saturation is comprehensible by considering the
mation of alloyed structure in the later stage of alloying p
cess. Suppose thata.1, then as the guest atoms penetra
inside the cluster, they are mixed properly with the host
oms so as to reduce the total potential energy to form
alloyed structure. The alloyed structure is more stable t
the structure composed of the host atoms alone, and
suppress the activity on the surface.

To evaluate more quantitatively the relation between
tivity and alloying, we consider the final stage of alloyin
process in which all the guest atoms are mixed ideally w
the host atoms. In such an ideal situation, the mean coup
strength per unit bondee f f is evaluated by equating the tota
potential energy2Nze/21Nrz(12r )e of the alloyed clus-
ter ~nearest-neighbor approximation! to the effective total
potential energy2Nzee f f/2, which yields

ee f f5e$112r ~12r !~a21!%. ~24!

Increase in the effective coupling strength will enhance va
ous activation temperatures such asTi andT' . In fact, if we
suppose that the ideally alloyed binary cluster may be
proximated by a homogeneous cluster of the effective in
action strengthee f f , a simple scaling argument for ou
model equation results in the enhancement of the activa
temperature

Tact,e f f5
ee f f

e
Tact5$112r ~12r !~a21!%Tact . ~25!

For example, in case of theA47B20 cluster witha51.5 and
r 5NB /(NA1NB)50.3Tact,e f f enhances;20%, which will
cancel the decrease oftalloy described by the prefactorn(a
2-11
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21). In the actual process of alloying, the rise ofTact occurs
slowly in time in accordance with the evolution of alloyin
In Fig. 11, we show a numerical evidence manifesting
gradual increase ofTi as the function of bond numbernB ,
which is just the parameter measuring how the alloying
achieved~see Table I!.

Here we give the summary of the present subsection
follows:

The prefactor ofn of the alloying timetalloy decreases
steeply asa increases acrossa51.0, but the decrease o
talloy soon saturates because of the formation of a sta
alloyed structure.

At first sight such a result may give an impression tha
is inconsistent with the experimental result that the nega
heat of solution is the decisive factor controlling SA. How
ever, considering that the experiments have been done fo
combination of atomic species witha,1.1, the rapid de-
crease of the alloying time close toa51 corresponds to the
experimental observations.

IV. CONCLUSIONS AND DISCUSSIONS

In the present paper, the dynamical process of the di
sion associated with the spontaneous alloying in 2D bin
clusters is investigated in detail by using a deterministic
gorithm which can control the time average of kinetic te
perature without modifying the Newton’s equation of moti
very significantly. The microcanonical simulation of th
spontaneous alloying was first presented by Shim
et al.,16,17but in their simulation the heating up of the clust
due to the emission of reaction heat makes it difficult
decide the precise dependence of the alloying process
temperature, heat of solution, and the cluster size etc. In
present work the raise of temperature in the alloying proc
is entirely removed and the precise dependence of the a
ing process on the temperature~T! and the negative heat o
solution (a21) is clarified for a cluster of typical size.

The results elucidated in the present paper are sum
rized as follows:

FIG. 11. nB vs Ti for theA47B20 cluster (a51.2). Ti is decided
as the function ofnB by using the data ofdS/dt at four different
values of temperatureT5500, 550, 600 K and 650 K wheneach
nB(t) reaches a common valuenB .
24541
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~1! The major part of the diffusion process of the gue
atoms into the cluster obeys the Arrhenius law, and the a
vation temperature is decided by the optimal Arrhenius sc
ing. We could not found the evidence that the activation te
perature associated with the diffusion rate does significa
depend upon the heat of solution.

~2! The alloying rate, however, exhibits a different beha
ior from the diffusion rate and depends remarkably upon
negative heat of solution. We showed that the effect of
negative heat of solution on the alloying rate appears as
preexponential factor of the Arrhenius-like behavior who
activation temperature is the same as that of diffusion p
cess and thus is insensitive to the negative heat of solut

~3! A slight increase in the negative heat of solutio
makes the alloying rate increase very steeply, which agr
with the experimental results, but a further increase ma
the alloying rate saturate. The origin of the saturation mec
nism is discussed in connection with the formation of
stable alloyed structure. The fact that the activation tempe
ture do not significantly depends upon the negative hea
solution means that the basic process dominating the v
rapid diffusion into the cluster is a universal feature
microclusters.

We also showed a direct evidence that the surface acti
controls the rapid radial diffusion, and we discussed rathe
detail the mechanism with which the surface activity is co
verted into the rapid radial diffusion. A more quantitativ
analysis for the mechanism will be discussed in fully det
in a forthcoming paper.

The present paper has succeeded in establishing pre
dependence of the alloying process on temperature and n
tive heat of solution for clusters of a typical size. In th
present paper, we also showed a clear evidence that the
fusion process is drastically suppressed as the cluster
increases, but we did not show systematic analyses for
size effect. The subsequent paper will be devoted to eluci
ing the size effect.
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TABLE I. Numerically estimated several kinds of activatio
temperatures for the homogeneous and the binary clusters.

a51.0 a51.2

Ti 41006100 K 4000→47006100 Ka

T' 90006500 Kb

TC 1200061000 Kc

aIn the initial stageTact is 4000 K, and rises gradually up to 4700
~see Fig. 11!.

bT'o fa51.2 is slightly higher thanT'o fa51.0.
cAs an additional information, the activation temperatureTC of the
mean square displacement of the atom initially located at the ce
of the cluster is also shown. See Sec. III C 3.
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