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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 Microsctl, 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.
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I. INTRODUCTION In 1992 Yasuda and MdiYM) discovered a very interest-
ing phenomenon manifesting the dynamical activity of mi-
Nanosized microclusters consisting of less thar? 10 croclusters by using transmission electron microscope. They
—10* atoms have very curious features which cannot be obobserved that the solute atorfesg. Cu atorn deposited on
served in bulk systems. A number of interesting static andhe surface of nanosized metal clustery. Au clusteron a
dynamical properties of nanosized clusters have been réubstrate are promptly absorbed into the host cluster. A
ported by many authors during last two decatliésemark- hlghly concentrated and homogengously r’r_nxed alloyed plus—
able feature of microcluster is its dynamical activity. Rapidter i formed at room temperatutdigure 1 illustrates their
shape transformation of small Au clusters on a substratdl Situ observation. Such a rapid alloying process is often
which was first observed by lijimajs a typical example calledspontaneous alloyingSA). YM explored extensively
manifesting the dynamical activity of microclusters. Such alh® presence of SA for a variety of combinations of solute
phenomenon allows for some kinematical interpretationgtom(hereafter referred to agiestatom and the host cluster
based upon the shallow multibasin structure of free-energ$uch asiAu,Ni),(In,Sb),(Au,Zn), and(Au,Al), and they con-
function*s Sawada and Sugano showed that the rapid shapdmed that SA'is a universal phenomenon in nanosized bi-
transformation may be spontaneously induced bydéer-  nary met_al clusters. '_I'he!r experimental results can be sum-
ministic chaotic dynamics of the cluster itself without any Marized in the following items:
thermal agitation from the external environmé&nt Wander- (A)
ing motion of clusters among various shapes is very similar
to a chaotic itinerancy among destabilized attractotSAn-
other example of the dynamical activity of microcluster is ®
the “coexisting phase” between solid and liquid, which was g l
first reported by Berry and his co-workers on the basis of Q PS @)
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their deterministic dynamicdli.e., microcanonicalsimula-

tions of a Lennard-Jones clustérin many aspects, the dy- ® Lo % O
namical activity of microclusters seems to be attributed to a @ — [ ]
very large fluctuation due to the deterministic chaotic mo- Carbon Substrate 300K Carbon Substrate

tion. A remarkable feature peculiar to the microcluster is that
considerable part of the constituent atoms are on the surface FiG. 1. Schematic illustrations df situ observation of the SA
along which atoms can move very actively, in other words,by YM. (A) individual copper atoms are deposited on a gold cluster.
the surface of cluster melfs'* Such a feature seems to be an (B) SA is completed. Copper atoms dissolve into a gold cluster to
essential origin of dynamical activity in microclusters. form a homogeneously mixed alloy cluster.
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(2) In case of Cu-Au cluster the estimated diffusion rate isstrongly desired to reexamine the simulation of SA under an
more than 18 times faster than that in the bulk medium. isothermal condition and compare its results with that under

(2) Complete alloying is observed in the cluster less tharfh microcanonical condition. This is just the purpose of the
a critical size. For clusters larger than the critical size, thePréSent paper. ) o
alloying takes place only in a shell-shaped region beneath the FOr the purpose of technological applications there have
free surface of individual cluster and a core composed onl een a number of reg%f(?arches for the diffusion process of
by the host metals is retained. toms in the bulk medida. However, quite few deal with the

" L . diffusive penetration of atoms into microclusters, probably

_ (3) The critical radius increases with the modulus of negapecayse of experimental difficulties. What we would like to
tive heat of solution. For the combination of species withmaie clear is the mechanism of very rapid diffusion into the
sufficiently large positive heat of solution, SA does not oc-mjcroclusters, which will not be peculiar to binary clusters

cur. but universal in microclusters. For this purpose, first of all
(4) The SA occurs in the solid phase of the cluster. we should explore thactivation processehind the diffu-
Quite recently, Kimura, Kaito, and their co-workers ob- sion process, which is also fundamental in the conventional

served that alkali halide microclusters composedKEl,  investigations of atomistic diffusion in bulk medidSuch a

KBr) and some other combination of ionic species also fornresearch is possible only under the temperature controlled
a mixed cluster within sec at room temperatti@hese ob- condition. In the present paper we investigate the detailed
servations strongly imply that the very rapid formation of features of SA for a model 2D cluster under the temperature
mixed cluster is not a peculiar feature of metal clusters but gontrolled condition. In particular, we concentrate ourselves
universal feature of general kind of binary microclusters. to elucidating the effect of heat of solution and the effect of

To understand the dynamics of SA, Shimizu, Sawada, antemperature, which cannot be resolved separately in the mi-
lkeda (SSI) examined numerical simulations by using two- crocanonical simulation. The size effect will be reported in a
dimensional2D) Morse clustet®!’ Since their final purpose Subsequent paper. _
is to elucidate the role of deterministic chaos in SA, they TN€ present paper is organized as follows. In Sec. Il we
used a microcanonical simulation based on the Newton'@'OPOSe & temperature controlling algorithm suitable for our
equation of motion. They demonstrated that the SA occurs iRUrPOSe. We discuss in detail why the proposed algorithm is
the solid phase if the heat of solutions is negative. Furthe29€quate for the isothermal simulation of SA. The model
they elucidated a remarkable size effect and temperature d?H_amlltonlan and the initial conflgura_uons of our S|mulap|on

) ; ogether with standard tools used in the data analysis are

pende,nce of the alloying process. Thus the esse_ntlal featur roduced and discussed. Sec. Il is the main part of the
of YM's experiments summarized in the above items wer

) . ) resent paper. First of all, in Sec. lll A we demonstrate that
well reproduced in their simulation. However, to understandpe sjze of cluster is a crucial factor of SA. Fixing the size of

the actual process of SA and its underlying mechanism, thergster to a typical one, we focus our attention to the depen-
still remain several basic problems to be overcome. SSI usegence of SA on temperature and negative heat of solution. In
the microcanonical simulation, which means that the systengec. |11 B we investigate the activation process of diffusive
is isolated and total energy is conserved. As a result, becausgotion in radial direction of cluster. By the method of opti-
of the emission of reaction heat in the progress of alloyingmal Arrhenius scaling, the activation energies associated
the heating up of the cluster makes their results ambiguouwith the radial motion of atoms are evaluated as precisely as
and confusing: in order to make the time required to comypossible, and some unexpected features of the diffusion pro-
plete alloying(say, the alloying timeshorter than a micro- cess and the alloying proce@hese two should conceptually
second, which is the upper bound accessible by recent contre distinguishedare elucidated for the first time by the iso-
putational ability, their simulation was done in a relatively thermal simulation. Finally in Sec. Il C we discuss the
high-temperature regime of the solid phase. Under the isoerielation between the radial diffusive motion and the very
ergetic condition the emitted heat pushes the temperature Jgp'd diffusion along the surface of cluster. A direct evidence
toward the melting temperature and hence influences considbat the surface diffusion controls the SA is presented in
erably the SA process. As was shown by SSI, the aIoningsec- I D, anq the mechamsm wqh vv_h|ch the surfa}ce motion
time crudely exhibits an Arrhenius-like temperature depen!S converted into the radial diffusion is discussed in Sec. IV,
dence, and hence it is very sensitive to the temperature ris/Nich is devoted to the conclusion and discussion of the
Therefore, it was impossible to establish how the SA dePresent paper.

pends separately on the key parameters such as temperature,
negative heat of solution, and cluster size, and so on.

A more practical requirement comes from the experimen- In this section we discuss the algorithm used in our simu-
tal situation. The experiment of SA is observed in the clusdation together with the model potential and the initial con-
ters placed on the substrate of amorphous carbon film. Théitions.
emitted heat may be released to the substrate on the time o )
scale much shorter than the alloying. In fact YM obtained a A Averaged kinetic-temperature controlling method
strong experimental evidence that there is no significant tem- Several algorithms, such as instantaneous velocity scaling
perature rise in the alloying proce¥s'® Since the experi- method, Nose’s method etc, with which the kinetic tempera-
ment is done under the constant temperature condition, it iture is controlled accurately to a desired level have been
necessary to take account of the effect introduced by thproposed'~2°These methods are very powerful for the iso-
isothermal condition. Based on the above considerations, it ithermal simulation of bulk systems done under the periodic

Il. PROCEDURE OF SIMULATION
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boundary condition. Unfortunately, these methods cannot b@here &,=eT(n7—0)/T(n7)(>0), and JI((n+1)7)

directly applied to cluster systems with free surface, in par— —V((n+1)7+Y(n7)/7. Since the time-averaged quan-

tjcqlar, to the a.Ioning.cIusters which are far fr_om the .equi—tit such ast —=T(ns) andV.=V(n7) do no longer fluctu-
I!brlum and emit considerable amount of heat in the S|mula—at3é violently ?;md ghe; can b?a Ioo(keca upon as s?owly varying
tion process. Indeed, we examined these methods b ) : ) A
microclusters, and we often observed some undesired ph&nctions of the discrete timeé=nr. Therefore, T((n
nomena such as uncontrollable evaporation of surface atomis1)7)—T(n7)/7 etc. can be replaced by the derivative
and dissociation of the clustét. dT(t)/dt, and Eq.(3) is approximated by a differential equa-
We recall that we want to control is not the kinetic tem- tion
perature defined at every instance, but the averaged kinetic

temperature that increases very slowly on a very long time dT()/dt=—»O[T(t) ~T]+I(V), (4)
spale of aIonipg. The method _we_introduce here suits OU(/vhereJ(nr)=(\A/(nr)—\7((n+1)7-))/7-~—d\7(t)/dt is the
aim, namely, it controls the kinetic temperature averagedource term which almost takes positive values in case of the
over such a long time interval that it is well defined. alloying problem because the total potential energy decreases
For sake of simplicity we consider a two-dimensional through the alloying proces&’ Equation(4) can be inter-
(2D) cluster which has no total momentum and no total anpreted as a relaxation equation for the time-averaged kinetic
gular momentum. The instantaneous kinetic temperature i@mperaturei’, and the relaxation term multiplied by the ef-
then defined byT(t)=[2E,(t)/(2N—3)kg], where Ex(t)  fective relaxation rate/(n7)=e,/ suppresses the deviation
==L, pf/2m is the total kinetic energy of the cluster at the of the averaged kinetic temperature from the target tempera-
time t andN is the number of constituent atoms. Litt) be  ture T against the heating up due to the source tet).
the averaged kinetic temperature defined over the time intefNote that the instantaneous temperaflife~—0) is the sum

val of 7 precedingt, of the kinetic energy oN particles, andA so its relative fluc-
tuation around the averaged quantifynr) is at most
- t o O[1/{N] if dynamics governed by the Hamilton’s equation
T(H)= L_TT(" )dt'/r. (1) of motion is fully chaotic. We may thus approximatg~ e

and y(t)~y=e/7, and Eq.(4) yields

By “temperature” we hereafter mean such a time-averaged A t

kinetic temperature over a sufficiently long time scaleon- T(tH)—-T= f e "t=9])(s)ds (5)
taining more than a few hundreds of Debye oscillations. Let 0

T be the target temperature to be realized, then we rescale tidow we suppose that the magnitude of the source term is

momentump; of each constituent atoinaccording to bounded from above such thal(t)|<J, then
= = TH)-T] J
, FO-e(FO-T) rw-m_J 6
Pl (1)= \/ PO @ T Ty ©

Let AU be the decrement of the total potential energy when
where e is a positive parameter much less than the unitythe alloying is achieved at thalloying time .y, thenJ
Such a procedure is repeated at everyie. att=nr (n ~2AU/[(2N—3)kgtai0y], and the sufficient condition for
= intege), and in the intervah7<t<(n+1)7 between the keeping the averaged kinetic temperature close to the given
successive two scaling processes, the trajectory is propagateatgetT is

by the Hamilton's equation of motion. . 2AU

aH(ad e T 2N ke Tl @
a(t= ap; ' The AU will be estimated in Sec. Il D. In typical alloying
process, the right-hand side is so small that we may cheoose
i JH{aih.{piH) small enough(typically less than 0.0land 7 sufficiently
pi(t):_T- long (typically more than 10 ps With these values we

achieved a kinetic temperature control less than a few

We denoted the total energy, which is conserved in the intefPércent. _ _
valnr<t<(n+1)r, byE,. Let the total potential energy be ~ The system behaves as an isolated system obeying the
U(t) and defineV(t)=2U(t)/[kg(2N—3)], then by using deterministic Hamilton’s equation of motion except at the
the identities E,/[ke(2N—3)]=T(n7)+V(t)(n7) and instants of the rescall_ng. Moreover, the effect of the rescaling
2(E,. 1 E)I[k (5N—3)]=T(nr+ 0)—T(nr—0) togeth- procedure on the trajectory is extremely small. The present
er V\?Ehl Eq ”(2) i?immediately follows that algorithm meets our requirement that the average k|net|_c
e temperature is controlled to a desired level keeping the modi-
fications to the original law of motion as small as possible.
Our model does not, of course, generate canonical en-
semble in a mathematically rigorous sense, but it is con-
(3  firmed that subsystems obey canonical distribution at the

T(n+1)7)-T(n7)

T

2T (nn) = TI+I((n+ 1)),
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temperatureT. In particular, the velocity distribution of any 0000 O host atom
sampled atom in the cluster exhibits Maxwell-Boltzmann " Yorelelelex | ® Jest atom
distribution. Detailed stability analyses for a generalized " JOIOIOI0I010)X0) 2
form of our scheme will be presented in a forthcoming paper, O000000Ce
in which comparison with the well-known Langevin algo- O0000000 e
rithm will be also doné&® 'YeYeYo)JeYoYoX
__Jojejoje]e)
B. Model OO0 Ce
The potential part of our model Hamiltonian | JOJOJOX _
| 000
1
H= 2 — pi2+ 2 Vkl(lqi -qj |) (8) FIG. 2. Atypical initial atomic configuration for MD simulation.
=1 2m i<j White and black circles denote hoa)( and guestB) atoms. This

is the Morse potential that was used in the previous pHper, cluster consists of 47 host and 20 guest atoms.

Vi (r)= ekl{e—zﬁk,(r—ok|)_Ze—ﬁk,(r—akl)}, (9) C. Initial configuration

The initial configuration of the binary cluster from which

he simulation starts is prepared in a similar procedure as in

ef. 17. First, we suppose that the cluster is composed of a
single species of atom, and make it relax to the equilibrium
state at a given temperatuleby applying the average ve-
locity scaling algorithm. Next, we replace most of atoms on
the surface of cluster with guest atoms. We regard it as the
initial configuration and continue simulation by the proce-
dure described in Sec. Il A. In the present paper various size
(10) of cIu;ters of total atom numbeN=_67, 117, and 200 are

examined. Among them we extensively test Me 67 clus-

controls the heat of solution in the binary system. It is a keyters composed of- 6 layers. A typical example of the initial
parameter of the SA process. In fact, the heat of solutieh  configuration of theA,,B,, is depicted in Fig. 2.

where the suffixe& andl specify the two species of atoms,
say hostandguestatoms. Host and guest atoms are denote
by A and B, respectively. A cluster contair$, host atoms
and Ng guest atoms, and the total number of atomsNis
=Np+Ng. We choose Baa=Bgs=LBap=1.358A 1],
EppT EBB:E:0.3429[Q\/] and OAA— O0OBB— 0 AR
=2.866A], which correspond to the values for Cu atoths.
Finally, the only free parameter

a= EAB/EAA

in the bulk medium given by As we are interested in the alloying of process of the
clusters in the solid phase, the simulation is done well below
AH=2z(1-a)e, (11)  the melting temperatur€,, , which is decided by the caloric

curve. It is obtained by successive microcanonical simula-
tions changing the total energy at a small grid. We identify
the time-averaged kinetic temperature at which a discontinu-

res1p_)r<]act|vely. h h a simple kind of two-bod ous jump occurs in the caloric curve as the melting tempera-
€ reasons why we use such a simple Kind ot two-body,, o 1 13 A5 the cluster is finite sized, it is in principle

p_otentlal mstea_d of more realistic many-body p_otentlal d.e"lmpossible to locate the rigorodsy, : the “melting” state is
vised for the simulation of metals were fully discussed in

) : ._distinguishable from the “nonmelting” state only within a

Eef. 57’ and we dobnc()jt rep(taatt[t rer'?ll tl;iezglts of S('jm.maFt\,'O?inite time scale. Indeed), fluctuates considerably depend-

nge upon many-body potential will be discussed in ke ing upon the size of the cluster and the time over which the
: averaged kinetic temperature is defined. We, however, decide

oo e o S S e e meHig TempeTaI—750- 0  for e clustr of
tion time for the 2D model is much shorter than the 3D he standard sizeN=67) mainly examined in the present

. A r.
model. Since the alloying is a very slow process, the Compape

putation time required for an alloying process to complete
exceeds microsecond. A 4 nm-sized 3D cluster exhibiting the D. quantities characterizing alloying dynamics
SA contains more than a few thousand atoms, and a simula- girst of all we define the mean distance of the guest atoms

tion for such a cluster over microsecond is beyond thex ¢y measured from the center of mass of the cluster, which

present computational capability. Based on the results of 0yg fiyad and is chosen as the origin because the total momen-
preceding works>*"we become strongly confident that our 4,1\ \anishes

2D simulation reproduces the essence of experimentally ob-
served features summarized by the four items in the Intro- 1
duction. I . RO= > [gl. (12
We integrated the Hamilton’s equations of motion by the NE i e guest atoms
velocity-Verlet algorithm with the step-size 19 ps. The ve-
locity rescaling procedure is done at every 10 ps ande  To eliminate very rapid vibrations of atoms around the equi-
=0.01. librium positions(typical period is the inverse of the Debye

where z is coordination number. The choice>1 and «
<1 indicates the negative and positive heat of solution
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frequencyw51~0.1 ps), we take the smoothed dajét)
Eﬁ_Atq(t’)dt’/At averaged over a time intervalt 0
~10 p§w51 aroundt. Since the guest atoms are initially
on the surfaceR(t) decreases as the alloying proceeds, and
R(t) measures how the guest atoms diffuses into the cluster
but it does not provide information about relative arrange-
ment of the two atomic species, which is the most important-1
feature of the alloying process. We introduce a quantity di-
rectly measuring such a feature.

If the heat of solution of the binary system is negative, the
B atoms energetically prefer to be encircled by the host at-
oms. We define the number of neighboring host atoms per «2 |
guest atom as

L | | | | 47:20
™ No i< i o O 13 100 200 300 Time [ns]

where Na;)(t) is the number of the nearest-neighbor host kG, 3. Comparison of time dependence of the mean distance
atoms around théth B atom at timet. This is a simple but  R(t) for the three different sizes of binary clustétsB.,, AgBas,
useful measure of the alloying procé8sf the interaction  andA,,gB, together with their snapshots of the configuration taken
between the two atoms more distant than the nearesktt=300 ns. Note that the vertical axis R{t)—R(0).

neighbor distance is neglected, the temporal change of total _ .

potential energyAU from the initial value is related to 'S Often used to quantify the mobility of the whole cluster
Ang(t) =ng(t) —ng(t=0), i.e., the deviation ofg, atoms.

AU=— e(a—1)NgAns. (14) Ill. NUMERICAL RESULTS

!

ng(t)

the formation of the alloyed state. If the two species of atoms One of the most surprising results of the alloying process
are uniformly mixed,ng(t) should beng=z(1—-r), where in the nanosized metallic clusters is that the alloying time is
r=Ng/(Na+Ng). ng(t) generally increases starting from much shorter than that of the bulk medium. This fact implies
ng(t=0), which is decided by the initial configuration and that the diffusion rate of the atoms into the cluster depends

approaches the valug; as the alloying proceedsg(t=0) sensitively on the size of the cluster. First of all, we demon-
in Fig. 2 is~2.1, whileng is ~4.2 for theA,;By cluster.  Strate that our isothermal simulation certainly reproduces the

; ; - ize-dependent effect. In the present paper, we do not inves-
of ;?grrggrdng;aer;tltythrr;e?rséurj esnt? © 31? t;\g(t:)(/)r%fbriﬁ:{ir g: g;rqﬁgggate trﬁ)e detailed features ofp the sizg-dpependence problem,
’ Y: q y which will be discussed in detail in a subsequent paper. The

.n%'gh?oD”.n? atoms(’j’ wl_mcg IS 3S]E|mated gy the d'Statn.Ceaim of this section is only to show the validity of our mod-
Index. Listance ndex 1s derived from a adjacency ma rIXeling and of our method of simulation in connection with the
A(t), which is theNX N symmetric matrix whose elements size-dependence problem.

are Figure 3 compares the time dependence of the mean dis-
1: r_(t)--<\/§a tance R(t) for the three different size_ of bir_lary clusters
_ 7 e (15) As7Bog, AgBis, and A,Beo together with their snapshots
! 0: r(t);>\20 of the configuration taken @t=300 ns starting from the ini-
_ _ _ . tial configuration shown in Fig. 2. Here we choase 1.2,
r(t)ij= |qi(t)—qj(t)| is the average distance betwdesmdj which is the typical value used in the present paper, and the
atoms. The distance indek(t) of theith atom is, then de- temperature is controlled td=600 K by the averaged ki-
fined by netic temperature scaling algorithm.
When we compare the alloying dynamics in different size
_ 2 of clusters, the composition of the two atomic species must
di(t)= \/2 A (t+AD = A (D] (16) be taken so that the decrease of the potential energy per atom
) o in the ideally alloyed limit, which is given byAU/(Ng,
This measures the number of the recombining events around Ng) = e(a—1)r(1—r)z, may be the same for all different
theith atom and characterizes the mobility or the activity ofsjzes. Thus the ratio of composition= Ng/(Nx+ Ng) must
the individual atom, wherdt is taken short enough to catch pe chosen a common value<0.3 in the present casin all
each recombination event which occurs at the frequencyhe different size of clusters to be compared.

~10-100 ps. We usually sett~10 ps. The accumulated  As is evident from the figures, the velocity of guest atoms

distance index per an atom, which is defined by placed initially on the surface to diffuse inside the cluster,
YAt [ N which is characterized bgR(t)/dt, decreases markedly as
S(t)= E [2 di(nAt)}, (17) the size of the cluster increases. Such observations are the
i1 =1 N strong evidence that the essential origin of the very rapid
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R(Y) [ A] radial diffusion process, which can be quantitatively captured
i i i , , by the mean distandg(t), taking the homogeneous clusters
(a) — Rspo(®) as the reference system. _ _ _
RES (1) 1 Figure 4a) shows the time series d®(t) obtained for
| A,7Bog at the three different temperatur€s- 500, 550, 600
T R§50(’) well below Ty,~700-750 K. These data indicate that the
10 500[K] R55(1) diffusion process very sensitively depends on temperature.
\ -------- Rsoo(t) | At every increase of 50 K the time for the guest atoms to
|* RES)(7) penetrate fully into the cluster to becomes 3—4 times shorter,
H which implies that the radial diffusion process is effectively
3 550[K] described by an Arrhenius-like activation procéSs.
I \,4“ We have taken an ensemble average over more than 100
8 1 600[K]"

11}

samples for each dat@ote that each sample contailg
=20 atoms and so the total number of sampled trajectories is
10 20 30 more than 2000 but the fluctuation around the ensemble
. Time [us] averagedR(t) is not still negligible. Such an anomalous fluc-
R() [A] tuation is a remarkable characteristic of a small cluster and is
' ' ' ' ' ' ' ' ' of great interest by itself, but it prevents us from knowing the
(b) “representative” behavior oR(t) at each temperature. To

Tact = 9000[K] extract precise information of activation process from such
Scaled T = 600[K] _ an anomalously fluctuating data, we use the following
method.

9000[K] 1 Suppose that the time serigs: f;(t) measured at a fixed

i temperaturdl; represent an Arrhenius-like activation process

8500 9000 9500  Tact | characterized by a unique time scalg of activation type,
— S00[K] NG-- TemperatureK] then the data taken at different temperatufel<i<M)

- SSO[K] mmanieesel should coincide with each other upon the scale transforma-

E 600[K] tion
ool )
ex e
act Tscale Ti

Average
FIG. 4. Time dependence of mean distance of guest aR(t)s  \here T, is an arbitrary temperature. We call the scale
from the center(a) Black lines are the data of the=1.0 cluster at  ransformation defined by the right-hand-side of B the
T=500,550,600 K and gray lines are the averaged optimally Scales&rrhenius scalingat T4 UpON the activation temperature
data rescaled back to the individual temperatdre$ original data, T If : S
_ . : . If all the data are Arrhenius scaled upon an activation
namely,R* *c{teac 1T~1/5%) (b). Black fines ar.eR(t) s at 500 K, tear%tperatureT coincide with each other ?Ne say that the
550 K, and 600 K, all of which are Arrhenius scaled Bf.,e data iSArrhenaifjts scalable '
—600 K. Gray line is the average of all the black fines, R (t). The radial diffusion data are not rigorously Arrhenius
The insertion indicate® (T ¢p) VS Tact- . . - .
(Tacd VS Tac: scalable by a single time scale characterized by a particular
o _ _ activation temperaturgsee Sec. Il . But if we limit the
alloying is the smallness of the cluster size. To clarify thetime range of observation to the most active period of the
physical mechanism of such a very rapid process, we makgydial diffusion such thaf . <y="f;(t)<f,, wherefn,
detailed quantitative analyses for the diffusion process intQ\qt are common bounds of the window covering the
mXx

the cluster. Similar analysis has been done in the previou ; : :
paper, but the results are quantitatively very unsatisfactor)r%o_St act|ve_ pef"’d of the proceggfi(t), we can d (_aC|_d € the
because of the temperature rise during the alloying proces@Ptimal activation temperaturé;e, as theTae, minimizing

the maximum distance defined by

11

10l *

0 200 400 600 800 1000 s
Time [ns] T

i(H)=f; ) (18

act"

B. Radial diffusion and alloying fre ) .
= - sc - _gsc -
1. Diffusion D(Tact)—maX#Imen |13 (y)—f (y)|dy,

act! Tactr)

The results demonstrated in the preceding section imply (19
the presence of a very rapid diffusion process in the radi . . .
direction of small clusters. As will be described below, sucz%Or atset of ,Ar]rrhgsrlgus—_slc: aleq ggtatobtta;]lngd at d|ff<faren;[_ tem-
a rapid diffusion process is by no means peculiar to the biPere urtsacs, Wherey . (y) in |.ca es the nverse u.nc 1on
nary clusters with negative heat of solution, but exists inof y=f7__ (t). We further definethe averaged optimally
small homogeneous clusters composed of only a singlscaled time seriesas the average over the optimally
atomic species. We therefore start our investigation with thé\rrhenius-scaled data
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R (18)]. They are compared with the original d&@gt) in Fig.
R(H) [A] 4(a). The a
. greement seems to be excellent and we may con-
clude that the radial diffusion is dominated by an effective
activation process at least in the active stage of diffusion.
Next, we discuss the radial diffusion process of the binary
108 #"’»,.. 500[K] y cluster witha=1.2, i.e., the case of negative heat of solu-
\* "*M" tion. R;(t) measured at the four temperatures;
\ Syl e ppidy 1 =500, 550, 600, 650 K are depicted in Figap The opti-
ol %.Q""!‘\W | mal Arrhenius scaling was applied to these data, and we
‘”‘* W 600[K]

550[K] evaluated the optimum value of the activation temperature
Tact= 9200+ 500 K. The averaged optimally scaled time se-
ries R* 3¢(teTacMTi~1Tscaid) gre also depicted and compared
8L "“‘;'Jw 650[K] _ with the original data. The fact that they exhibit a satisfac-
tory agreement with the actual data means that the diffusion
process of the binary cluster is also described by an effective

o 1 2 3

homogeneous cluster. We compare in Fig)3he averaged
....... R&00 (1) 0=1.2 optimally scaled time serieR*4t) of the binarya=1.2

| cluster with that of thew=1.0 cluster. They are both scaled
at T¢.4e=600 K assuming the common optimal activation
temperatureT ,.,= 9000 K. It is evident that the time scales
of the penetration process do not differ in the two cases.
From these observations we have the following conclusion:

: activation process.
R(t) [A] Time [us] _A_ nontrivial and_ somewhat unexpec_:ted conclusion is that
: . . . . . - T T within the permissible error the activation temperature of the
(b) < radial diffusion agrees with the activation temperature of the
11 — RS0t 0=1.0 |

Ay

\
10F ™
\

9l The guest atoms obeys an Arrhenius-type diffusion pro-
cess of the effective activation temperature gf;F 9000
+500 K. The activation temperature does not depends upon
a. More precisely, the diffusion velocity does not signifi-

80 200 400 600 800 1000 cantly depend upom at the same temperature

Time [ng] This is an important result implying that the rapid diffu-
sion is a common dynamical feature of small clusters and is
FIG. 5. Time dependence of mean distance of guest aRf)s by no means peculiar to binary clusters.
for the @=1.2 cluster(a) Black lines areR(t) at T=500,550,600, At first sight such a result seems to sharply contradict
and 650 K, while gray lines are the averaged optimally Arrhenius-with the experimental observation that the heat of solution is
scaled data rescaled back to each original temperature, i.ethe driving force of the spontaneous alloying process. How-
R*s(teTac1/T~11600) 'Each set of black and gray lines coincide ever, the mean distance does not suitably quantify the degree

very well. (b) The optimally Arrhenius-scaleB(t) of «=1.2 (dot- of alloying, as is discussed in Sec. Il D.
ted ling is compared with that ofr=1.0 (solid line), whereT.,e

is chosen at 600 K.

2. Alloying
M 3¢ (Y As is discussed in Sec. Il D, a physical quantity that mea-
£ S5(t) = f (t) 2 Tact’ (20) sures the degree of alloying is the bonding numbgft)

introduced by Eq(13). If «>1, the increment img(t) is
proportional to the decrement in the potential energy, which
We hereafter omit the superscriptfrom T}, when there measures how the energetically preferable mixing of the
is no other any confusion. guest atoms with the host atoms is accomplished. We show
As demonstrated in the inset of Fig(b$, we can decide in Fig. 6a) the time evolution ofhg(t) observed in the ho-
the value of the optimal activation temperatlrg,;=9000 mogeneous cluster at =500, 550, 600 K On the other
+500 K, according to the method mentioned above. Théhand, Fig. 6b) depictsng(t) in the binary cluster ¢=1.2)
three data in Fig. @) are Arrhenius-scaled data with respectat the four temperaturéb= 500, 550, 600, 650 K.
to the optimal activation temperatuiie,.; and depicted in The guest atoms initially on the surface of cluster enter
Fig. 4(b), where the temperaturk,.,. is chosen at 600 K. into the inside of the cluster because they energetically prefer
Beside them the averaged d&®&°%(t) is also depicted, and to increase the bond number with different species of atoms,
agreement of them seems to be satisfactory. To make a futhereby decreasing the totahthalpy(or the total potential
ther check, we rescale the averaged data back to the indeénergy. Thus, as in Fig. @), the bond numbeng(t), in
vidual original temperature to obtain general, increases monotonously and approach the ideal
R*s(teTacMTi~Tscaid) [the inverse transformation of Eq. value of alloyingng=z(1—r)=4.2 in case of the binary
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— S00[K]
————— 550[K]
2.4 ] 5 600[K
Tact = 8500[K] | (@) "
wgnbirnCinl N S S — _——
18 . - - 0 200 400 600 800 1000
° 5 10 1 Time [ns]
Time [us] ne(t)
ne(t) . . ‘ , . !
L i 650[K]

A P 550[K]-
41 " 600[K] e
ﬁ%l‘%‘w

500[K]|

Tact = 8800[K]
oa=1.2 .

0 200 400 600 800

é Time [ns]

1000

0 1 2
Time [us] FIG. 7. Comparison of the optimally Arrhenius scaleg(t) for
a=1.0 ande=1.2 clusters(a) The datang*(t) obtained at various
temperature$500, 550, 600 K for thex= 1.0 cluster,and 500, 550,
00, 650 K for thea=1.2 clustey optimally Arrhenius scaled at
scale= 600 K. (b) The averaged optimally Arrhenius scaled
ng>(t) for the «=1.0 anda=1.2 clusters, wher& ., ;=600 K.

FIG. 6. Time dependence of the bond numhg(t). (a) Black
lines indicatesg(t) of the «=1.0 cluster aff =500, 550, and 600
K. Gray lines are the optimally Arrhenius-scaled data rescaled bac
to each original temperatuf® i.e., n%¢(te ac(MT~1/600) (1) plack
lines areng(t) of the «=1.2 cluster afl =500, 550, 600, and 650

K. Gray lines are the optimally Arrhenius-scaled data . . .
nk sc(teTa);(llellsoo)). P Y of ng(t) obtained at various temperatures for the binary clus-

ter of «=1.2 and those for the homogeneous cluster, namely,

clusters with negative heat of solutiomt1). As in Fig.  Nar,,,.i(t). Their original data are those depicted in Figs.
6(a), ng(t) increases also in the homogeneous cluster witt6(a) and &b). They are all smoothed and Arrhenius-scaled
a=1.0 in which no net change of enthalpy occurs. In thisdata to the common temperatufg., =600 K based upon
case theentropy effect, which is not negligible compared the activation temperaturg,.;=8700 K, which is the mean
with the enthalpy at a finite temperature, may be consideredalue of the optimal activation temperaturesof 1.0 and
as the emotional force. a=1.2. The scaled time series af=1.2 and those ofx

It is evident that the growth rate of(t) is much fasterin  =1.0, respectively, get close together and almost overlap
the binary cluster than in the homogeneous cluster if thavith each other, which strongly indicates that the Arrhenius
temperature is same, and the negative heat of solution indeadaling works very well.
plays a key role in the rapid growing processgft), which The optimal activation temperatures are consistent with
makes a sharp contrast to the casdR(f). those decided by the mean distariR&) in the preceding

In spite of such a remarkable effect of the heat of solutionsection. Again we have to conclude that b&ft) andng(t)
it does not give a significant effect on the activation procesare dominated by the same activation process with the effec-
of the alloying. Indeed, we estimate the activation temperative activation temperaturé,.;=8500 K—9000 K, which is
ture by the method of optimal Arrhenius scaling, assumingnsensitive to the heat of solution. Hereafter, it is denoted by
that the time evolution ofig(t) obeys an Arrhenius-like ac- T, .
tivation process. We obtaiff ,.;=8500+500 K and T, Although the heat of solution does not significantly affect
=8800+500 K for the homogeneous and binary clusters,on the activation temperature, which dominates the SA, it
respectively. We show in Fig.(& the smoothed time series plays a very significant role in the alloying process. Indeed,
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Fig. 7(a) indicates thahg(t) of = 1.2 increases much more ne(f)

rapidly than those ofr=1.0. To demonstrate such a differ- ' ' ' e
ence more clearly, we show in Fig(bJ the averaged opti- sl free unning - e
mally scaled time seriesg °(t), which are obtained by av- N

eraging the data depicted in Figay according to Eq(20). 350

They are the counterparts of Fig(hp and represent “typi- A

cal” functional forms ofng(t) for «=1.0 anda= 1.2, which 3 mass switched

are extracted from the behaviors at various temperatures. We 25

regard the growth ratgdnk®(t)/dt| as the function ohg ()]

[=ng%(t)] rather than as the function of Then the growth 5

0 100 200 400 600 800 1000

rate, in general, decreasesrgsapproaches the value of the Time [ns]

ideal alloyingng=2z(1—r)=4.2. The ratio of the growth
rate of a=1.2 to that ofa=1.0 is more than eight times in FIG. 8. Time dependence of;(t) for the free running and the
the active stage of the alloying process and the ratio is furmass switching simulation. In the latter simulation the mass of the
ther enhanced as the alloying proceeds. surface atoms was switched to 300 times larger ortg=al00 ns,

At first sight, it sounds strange that such a remarkablavhich is indicated by a vertical linéd,/B,q-Cluster is used, where
difference exists betweeR(t) andng(t) although the acti- T=600 K anda=1.2
vation temperatures of them coincide. It should be stressed L , L
again that the “diffusion” does not mean the “alloying” 2 characteristic siz&. Indeed, observing animations of our

ng(t) measures the number of bonding of the guest atomsimulation, creation of vacancies inside the cluster was a
with the host atoms, ani(t) is the mean distance of the very rare event even at the temperature close to the melting

guest atoms from the center of the cluster. In the case orPoint. Further, we cannot find any evidence that the intersti-

homogeneous cluster, the guest atoms diffuses deeply insid%"f1I deform.atlon' of crystal lattice, which a'!OW.S an atom fo
but they are clustered and are not well mixed with the hos enetrate into inner layers, takes place inside the cluster.

atoms when its mean distan&t) takes the same value as d_kf]ferejfore_, tne[[tr?er IOf 'E[hemwls {ﬁspor?smle for Ithg \ée:z rtaﬁ:d
R(t) of the binary cluster. iffusion into the cluster. We thus have concluded that the

We can introduce the alloying timigo, that character- dominant mechanism of the radial diffusion is not the defect

izes the time scale of alloying by usingg(t). We define formation in the inner layers of the cluster.

taioy @s the time at whicimg(t) reaches the mean value of c|u§tgrt22r$m§(/2?/ne?’ I;::Sti\\;\:j” ;{:)%Whtﬁgaéjrfiﬁaégﬁzr?; the
ng in the initial stage andg in the ideally alloyed stage y y 9 ’

it is plausible to suppose that the surface activity will play a
- - - c key role in the spontaneous alloying and the rapid radial
Ma(t="tanoy) =[Na(t=0) +ng /2. @D dif?/usion. In this sEbsection we invyestgi]gate activity ICc))f atoms
The observations of Fig. 6 and Fig. 7 allow us to summa®©n the surface of the cluster.
rize as follows: It is easy to measure the diffusion rate of atoms along the
The temperature dependence of the alloying time is of théurface, but a more fundamental quantity which measures the
Arrhenius type with the activation temperatufe =9000 Surface activity is the accumulated distance ind¢x) de-
+500 K, which is insensitive to the negative heat of solu-fined by Eq.(17). Most of the rearranging events of atoms

tion. The effect of negative heat of solution is taken intoContributing toS(t) occur on the outermost layer closest to

-1), dS(t)/dt is proportional to the probability of an atom to
change its lattice site along the surface and is thus propor-
talioy=(a—1)e" T, (22)  tional to the surface diffusion rate, which is also confirmed
numerically. We can decide the activation temperature asso-
The conclusion is rather surprising and is unexpecteaiated with the surface activity by applying the optimal
from the results of microcanonical simulatibhlt is settled  Arrhenius scaling to the data &(t). We denote the activa-
for the first time by controlling the temperature at a desiredion temperature byl hereafter.
accurate level. Thex dependence of the pre-factor is dis- It is estimated afl ,.;=4100+100 K and is less than 1/2

cussed in more detail in Sec. Il C. of the radial activation temperatufig ~9000+ 500 K. It is
convenient to represent the activation energies in terms of
C. Surface activity and radial diffusion the energy per unit boné/kg=3980 K,
1. Surface diffusion kgT|/e~1.03, kgT, /e~2.3+0.1. (23

What is the mechanism of the very fast diffusion into the
cluster? Diffusion in bulk media is initiated by vacancies or
interstitial effec®??*°However, such mechanisms are not  To confirm the key role of the surface, we show a simu-
relevant in microclusters. From an energetical argument, itation demonstrating how the alloying process is affected if
can be shown that the possibility of vacancies formation inthe motion along the surface is interrupted by an artificial
side the clusters much reduces as its radius becomes less theperation.

2. Mass switching experiment
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We start the simulation of alloying from similar initial number(typically three atomsso as to reduce the number of
configurations as shown in Fig. 2, but the mass of some&teps on the surface. The activation energy for a surface atom
atoms on the surface are switched to a larger niggically  to change their site along the edge can be evaluatéid,@s
300 times larger oneat a certain tim¢=tg when about half ~1800 K, which is much less thaly~4100 K, and soT

of the guest atoms initially on the surface are absorbed intghould be associated with the activation energy of the collec-
layers inner than the outermost layer. The atoms whose magge motion.

is changed are selected from the host atoms in the outermost Owing to the active movement along the surface, most of
layer, and so no guest atoms contributing to the alloyinghe atoms covering an edge may migrate to other edges.

along outermost layer on the surface. We are interested in . ; .
) ) . moved from the new edge, it gains the surface activity. The
how further penetration of guest atoms into the inner layers

is modified afterwards. The simulation was done by using theeaf"es’t Wa){hto ffmo"?t acr; atotrrr: from t.he ne\évlyfetﬁposded edge
A4Boo cluster witha=1.2 atT=600 K, where mass of the 'S '© MOVe he atom sited on the corrfee.,end of the edge

selected surface atoms was switched to 300 times larger ol the next edge. Once the corner atom Is moved, the next
atts=100 ns. We show in Fig. 8 the time evolution of bond atom on the new edge can migrate to other edges more eas-
numberng(t) in comparison with that of the free running |Iy._In such a way_the newly exposed edge ha; vacancies and
simulation. It is evident that the growth o(t) is notably gains surface activity, gnd most of the atoms in the new edge
suppressed and keeps almost the same levelag, al- have the (;hance to migrate to other edges along the surface.
thoughng(t) of the free running simulation increases aboveThen the inner layer is exposed and again has the chance to

the value of ideal mixing. The above observation provides Fan surface activity. On the other hand, the edges newly

direct evidence that any event which occur inside the cluste?gvirz(:ebgurtigz ;ﬁihm:mr?ég{ggggihgos?rgfe r;?:\f[\il\l/)i/t exg{ogsgg_
is not responsible for the radial motion and the presence g 9 . ; Y. REpEt
tion of such exposing and burying processes enables the in-

the surface plays the key role in the rapid alloying process.ner atoms to come out to the surface. Conversely speaking,
the surface atoms are allowed to enter into the cluster and to
exchange their original positions with the inner atoms. This

Then how the active motion along the surface is con-is just the diffusion process governed by the activation tem-
verted into the rapid radial motion? Since the radial diffusionperatureT, .
rate does not significantly depend @n we consider the We show in Fig 9 a series of snapshots manifesting what
homogeneous clustera=1.0) for the sake of simplicity. is taking place according to the scenario described above. We
Therefore, there is no temperature rise and the alloying ocparticularly focus our attention to the seven atoms colored by
curs in the equilibrium. gray, which form the core part of the clustertat0. They

A 2D microcluster almost takes the form of a hexagonare pushed to reach close to the surface of the cluster at
whose surface is composed of six edges and six corners ir400 ns. The core atoms move in a group forming a solid
the equilibrium. Some atoms are on the outermost layer andbject until they come close to the surface. On the other
they move very rapidly from site to site along the surface.hand, the atoms which are initially sited on the surface and
They move collectively forming a group of an appropriate encircling the cluster almost symmetrically become distrib-

3. On the mechanism of radial diffusion
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ng(t) it. The associated activation energy is also estimated approxi-
' ' ' ' ' ' mately at Z/kg~8000 K. These estimations are very crude
and are significantly less than ~2.3¢/kg . Moreover, quite

42| oa=1l

4r e / recently, there have been some evidences that more compli-
A cated collective motions dominate the exposure and buryin
ol I 2, A, AN el o 9
Frat W ﬂwﬁw s W nw' / process. In anyway, more qualitatively accurate analyses are
oy g g Gl a=1.0 required to identify the true rate-limiting process, but it is
I v

1 sure that the precise evaluationf presented in our paper
provides with very useful information about the dominant
1 process which converts the surface activity into the rapid
o=0.95 radial motion.

] Finally we comment that the transport process described
here is observed also for the clusters modeled by a many-
body binding force?®

v
|
‘M

25

(a)

0 200 400 600 800 _ 1000
Time [ns]

taioy [Ns] {: Na(taloy) = 2.9}

9001t

D. Dependence of alloying process upon heat of solution

; ; As has been stressed, the negative heat of solution is a key
parameter in the experiments of SA. It does not significantly
influence the radial diffusion rate, but it drastically enhances
the alloying rate.
7 Figure 1@a) shows the time evolution of bond number
. ng(t) of the alloying process for binary clustetg,B,y with
_ various values ofx. Figure 1@b) depicts the alloying time
evaluated by the data @& as the function otx. A remark-
able fact is that the alloying time decreases suddenly as
increases but it saturates beyodme- 1.1.
. The saturation is comprehensible by considering the for-
(b) ] mation of alloyed structure in the later stage of alloying pro-
, , . . i : cess. Suppose that>1, then as the guest atoms penetrate
0.95 1 1.1 1.2 1.3 1.4 inside the cluster, they are mixed properly with the host at-
a oms so as to reduce the total potential energy to form an
FIG. 10. (a) Time dependence afs(t) at various values o, ~ alloyed structure. The alloyed structure is more stable than
(b) The dependence of the alloying time arfor A,;B,, cluster at ~ the structure composed of the host atoms alone, and will
T=600 K. suppress the activity on the surface.
To evaluate more quantitatively the relation between ac-
)‘é\‘/ity and alloying, we consider the final stage of alloying

7001

500t

300t

100+

uted at random in the inner part of the cluster unoccupied b

the gray atoms. Such a kind of the motions correspond to th

radial diffusive motion of the surface atoms. An atom is

taken away from the group of core atoms when they com

close to the surfacet{-~400 ns). They are pushed back into

the inner layers of the clustet{460 ns) and again ap-

proach the surfacet 510 ng, when an atom is taken away

from the group {~570 ns). After repeating such processes, _ _ _

the object composed of the core atoms, which is moving as if ceri= {1t 2r(1=n(a=1} 29

a solid body inside the cluster, is damaged as it comes clos@crease in the effective coupling strength will enhance vari-

to the surface and loses its original form after a lapse obus activation temperatures suchfgsandT, . In fact, if we

sufficiently long time: all the constituent atoms are scattereduppose that the ideally alloyed binary cluster may be ap-

at random over the clustet+900 ns). proximated by a homogeneous cluster of the effective inter-
The key processes of the rapid radial diffusion are theaction strengthe.s;, a simple scaling argument for our

exposureor the burying of an edge, which is caused by the model equation results in the enhancement of the activation

migration of the atoms along the surface. As discussetemperature

above, the newly exposed edge will be activated by moving

the atom on the corner. The process requires the atom to cut €off

two bonds on the way from the corner to the next edge, Tacter=—_ Tact={1+2r(1=r)(a=1)jTacet. (29

which result into the activation energy of approximately

2elkg~8000 K. On the other hand, the burying of an old For example, in case of th&,/B,, cluster witha=1.5 and

edge will be dominated by the process of carrying an atonmm=Ng/(Na+Ng) =0.3 T, ¢ €nhances-20%, which will

absorbed at an end of the outermost layer., the steponto  cancel the decrease tfj,, described by the prefactor «

rocess in which all the guest atoms are mixed ideally with
e host atoms. In such an ideal situation, the mean coupling
gtrength per unit bond,; is evaluated by equating the total
potential energy—Nze/2+Nrz(1—r)e of the alloyed clus-

ter (nearest-neighbor approximatjoto the effective total
potential energy-Nzeq¢1/2, which yields
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Tn[K] TABLE |. Numerically estimated several kinds of activation
' ' ' ' ' ' temperatures for the homogeneous and the binary clusters.

4600 a=1.0 a=1.2

T 4100+ 100 K 4000-4700+ 100 K2
4400 | T, 9000+ 500 K°

Tc  12000+1000 K
4200 |

4n the initial stageT ,.; is 4000 K, and rises gradually up to 4700 K
(see Fig. 11

T ofa=1.2 is slightly higher tha, ofa=1.0.

°As an additional information, the activation temperatligeof the
mean square displacement of the atom initially located at the center
of the cluster is also shown. See Sec. Il C 3.

Tact = 4700K

4000 o=12

36 38 4 42
nB
FIG. 11.ng vs T for the A47B Cluster (@=1.2). T is decided
as the function ohg by using the data ofl Sdt at four different

values of temperatur€=500, 550, 600 K and 650 K whegach
ng(t) reaches a common valumg .

(1) The major part of the diffusion process of the guest
atoms into the cluster obeys the Arrhenius law, and the acti-
vation temperature is decided by the optimal Arrhenius scal-
ing. We could not found the evidence that the activation tem-

—1). In the actual process of alloying, the riseTof,; occurs perature associated with the diffusion rate does significantly
. ’ t

P : : . : depend upon the heat of solution.
slowly in time in accordance with the evolution of alloying. : - .
In Fig. 11, we show a numerical evidence manifesting the (2) The alloying rate, however, exhibits a different behav-

gradual increase of, as the function of bond number ior fro_m the diffusion rate and depends remarkably upon the
which is just the parameter measuring how the alloying ig1egat!ve heat of SOIUt_'On' we Showeq that the effect of the
achieved(see Table L negative heat of solution on the aIIo_ymg rate appears as the
Here we give the summary of the present subsection agre.exponentlal factor of the Arrhenius-like behaymr_ whose
follows: activation temperature is the same as that of diffusion pro-
cess and thus is insensitive to the negative heat of solution.
The prefactor ofv of the alloying timet,,, decreases (3) A slight increase in the negative heat of solution
steeply asa increases acrosa=1.0, but the decrease of makes the alloying rate increase very steeply, which agrees
ta0y SOON saturates because of the formation of a stablwith the experimental results, but a further increase makes
alloyed structure. the alloying rate saturate. The origin of the saturation mecha-
i _ ) _ ) _nism is discussed in connection with the formation of a
_ Atfirst sight such a result may give an impression that itapje alloyed structure. The fact that the activation tempera-
is inconsistent with the experimental result that the negative,re qo not significantly depends upon the negative heat of
heat of solution is the decisive factor controlling SA. HOw- ¢ution means that the basic process dominating the very
ever, considering that the experiments have been done forti}gpid diffusion into the cluster is a universal feature of
combination of atomic species with<<1.1, the rapid de- icroclusters.

crease of the alloying time close to=1 corresponds to the e also showed a direct evidence that the surface activity

experimental observations. controls the rapid radial diffusion, and we discussed rather in
detail the mechanism with which the surface activity is con-
IV. CONCLUSIONS AND DISCUSSIONS verted into the rapid radial diffusion. A more guantitative

In the present paper, the dynamical process of the diﬁugnalysis for the mechanism will be discussed in fully detail

. . X N . _~In a forthcoming paper.
sion asspc!ated ‘.N'th th? spontaneous alloying in 2D b_mary The presentgpgpgr has succeeded in establishing precise
clusters is investigated in detail by using a deterministic aI—de endence of the alloving pbrocess on temperature and neqa-
gorithm which can control the time average of kinetic tem- P ying p b g

. o ; . .__tive heat of solution for clusters of a typical size. In the
perature without modifying the Newton's equation of motion resent paper, we also showed a clear evidence that the dif-
very significantly. The microcanonical simulation of the P baper,

spontaneous ailoying was first presented by ShimiZL}‘usion process is dr_astically suppressed as the cluster size
et al,’®17put in their simulation the heating up of the cluster "' co>c: but we did not show systematic analyses for the

due to the emission of reaction heat makes it difficult to> - effect. The subsequent paper will be devoted to elucidat-

decide the precise dependence of the alloying process ond the size effect.

temperature, heat qf solution, and the _cluster size etc. In the ACKNOWLEDGMENTS
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is entirely removed and the precise dependence of the alloy- The authors are very grateful to H. Yasuda for useful
ing process on the temperatuf® and the negative heat of discussions. The authors also thank much to S. Tsuji for

solution (@—1) is clarified for a cluster of typical size. his hospitality of serving his country house as our institute
The results elucidated in the present paper are summda which some key ideas in the present article have been
rized as follows: developed.

245412-12



ISOTHERMAL DYNAMICS SIMULATIONS OF . ..

*Electronic address: tkoba@ike-dyn.ritsumei.ac.jp

Electronic address: ahoo@ike-dyn.ritsumei.ac.jp

1H. Yasuda, H. Mori, M. Komatsu, K. Takeda, and H. Fuijita, J.
Electron Microsc41, 267 (1992.

2s, Sugano and H. KoizumiMicrocluster Physics 2nd ed.
(Springer, New York, 1999 iSBN 3 540 63974 8.

3s. lijima and T. Ichihashi, Phys. Rev. LeB6, 616 (1986.

4P.M. Ajayan and L.D. Marks, Phys. Rev. LeB0, 585 (1988.

SP.M. Ajayan and L.D. Marks, Phys. Rev. LetB3, 279
(1989.

6S. Sawada and S. Sugano, Z. Phys. D: At., Mol. Clustdr47
(1989.

’s. Sawada and S. Sugano, Z. Phys. D: At., Mol. Clus26y258
(1992.

83. Sawada and S. Sugano, Z. Phys. D: At., Mol. Clus2dr877
(1992.

9K. Ikeda, K. Otsuka, and K. Matsumoto, Suppl. Prog. Theor.
Phys.99, 295(1989.

10|, Tsuda, World Featur81, 105(1991).

11K, Kaneko, Physica Dt1, 137 (1990.

124 L. Davis, J. Jellinek, and R.S. Berry, J. Chem. Pt86.6456
(1987.

13C.L. Briant and J.J. Burton, J. Chem. Phg8, 2045(1975.

14y, Nauchitel and A. Pertsin, Mol. Phy40, 1341 (1980.

15y, Kimura, Y. Saito, T. Nakada, and C. Kaito, Phys. Low-Dimens.
Semicond. Structl/2, 1 (2000.

16y, Shimizu, S. Sawada, and K. lkeda, Eur. Phys. J4,C865
(1998.

17y, Shimizu, K.S. Ikeda, and S.I. Sawada, Phys. Rev68
075412(2002).

8. Mori, H. Yasuda, and T. Kamino, Philos. Mag. Le89, 279
(19949.

19H. Yasuda and H. Moriprivate communication

PHYSICAL REVIEW B 66, 245412 (2002

20p. G. Shewmonpiffusion in Solids(McGraw-Hill, New York,
1963.

213, Nosg Mol. Phys.52, 255 (1984.

22\W.G. Hoover, Phys. Rev. 81, 1695(1985.

ZW.F. van Gunsteren and H.J.C. Berendsen, Mol. P#$s.637
(1982.

245 M. Kast, K. Nicklas, H.-J. Baer, and J. Brickmann, J. Chem.
Phys. 100, 566 (1994, the stochastic collision constant-
temperature MD method.

255 M. Kast and J. Brickmann, J. Chem. Phy84, 3732(1996,
the stochastic collision constant-temperature MD method.

26T, R. Kobayashi, K. S. Ikeda, S. Shimizu, and S. Sawatigub-
lished.

27|, Girifalco and V. Weizer, Phys. Rext14, 687 (1959.

23 |. Sawada, Y. Shimizu, and K. S. Ikeda, Phys. Re\tdbe
published.

291, A. Girifalco, Atomic Migration in CrystalgBlaisdell, Naltham,
1964).

%0p Guiraldenq, Diffusion dans les Meaux (Techniques de
l'ingenieux, Paris, 1978

S1E. Fuijita, J. Jpn. Inst. MeB0, 322 (1966.

32R. Kofman, P. Cheyssac, A. Aouaj, Y. Lereah, G. Deutscher, T.
Ben-David, J. Penisson, and A. Bourret, Surf. 303 203
(1994.

33R. Kofman, Eur. Phys. J. D, 441(1999.

34H. Cheng and R.S. Berry, Phys. Rev4B, 7969(1992.

%5|n the preparation of the present paper, one of the referee point
out the similarity of our mechanism with the circular diffusion
(or periphery diffusion reported in, for example, in J.-M. Wen,
Phys. Rev. Lett73, 2591(1994); D.S. Sholl and R.T. Skodje,
ibid. 75, 3158 (1995; S.C. Wang,ibid. 81, 4923(1998. The
evaporation-condensation mechanism induced by exchange of

atoms between the cluster and the surrounding gas seems to be

different from our mechanism.

245412-13



