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Collective diffusion in a twin-spin model of OÕW„110…

Magdalena A. Załuska-Kotur
Institute of Physics Polish Academy of Sciences, Al. Lotniko´w 32/46, 02-668 Warsaw, Poland

Stanisław Krukowski
High Pressure Research Center Polish Academy of Sciences, Sokołowska 29/37, 01-142 Warsaw, Poland

Łukasz A. Turski
Center for Theoretical Physics Polish Academy of Sciences & College of Science, Al. Lotniko´w 32/46, 02-668 Warsaw, Poland

~Received 19 July 2002; revised manuscript received 7 November 2002; published 15 April 2003!

Following our previously developed twin-spin model description of the equilibrium properties of the
O/W(110) system we study its collective diffusion by means of a Monte Carlo dynamics. It is shown that the
collective diffusion coefficient for our model has a different density dependence than this following from other
models known in the subject literature. The essential feature of the model, responsible for its different dynam-
ics, are the state dependent interactions. Further assumptions concerning interaction dependent barriers make
our results comparable to the experimental data.
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I. INTRODUCTION

The growing interest in various nanotechnological p
cesses and technologies stimulates extensive analysis o
surface diffusion processes, particularly in those case
which the diffusing particles interactions are of importan
It is well known that lateral interactions between partic
adsorbed at the solid surface modify the adsorbate dyna
and, among other things, may change the diffusion coe
cient even by several orders of magnitude.1–5 Repulsive in-
teractions, in general, cause the increase of the collec
diffusion coefficient as a function of coverage, whereas
tractive interactions have usually the opposite effect. The
layer of O at W(110) surface is an example of a syste
whose main static properties can be described by a relati
simple lattice gas model with competing, attractive and
pulsive interactions of comparable strength.6 How those in-
teraction influence the dynamical behavior of such system
an important question, which, so far, has not been satis
tory answered. In this work we try to shed some light on t
problem constructing a new model for surface diffusi
based on our, previously proposed, twin-spin model of
O/W(110).7 The salient feature of that model is the doub
well structure of the single adsorption center. It has be
shown that the dynamics of particles in the double-well p
tential has many interesting properties.3 Particles in our
model can occupy three different positions within t
double-well structure. The interparticle interactions stron
depend on the particle state, which decides about the cha
ter of the collective dynamics. It turns out that the dynami
properties of such a twin-spin model, different from these
a conventional lattice gas, appear to be in reasonable ag
ment with observed behavior of the real system.

In the conventional lattice gas model, to describe adla
of O/W(110) at the coverage higher then 0.5, i.e., to acco
for all the existing phases of this system, it was claimed t
three-bodyO atoms interactions are necessary.8,9 In order to
reproduce all the phases properly, these three-body inte
0163-1829/2003/67~15!/155406~7!/$20.00 67 1554
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tions have to have the strength comparable with that of
basic two-particle interactions. We have recently proposed
alternative model of theO/W(110) system.7 In our model
the double-well structure of an adsorption site binding pot
tial is represented by three-states of a single particle. In
dition, the local potential felt by a particle and interpartic
interactions are state dependent. Our model leads to the
sults that agree with existing experimental data.

To describe theO/W(110) dynamics we need to know
more than just the energies of the various states of that
tem and how they influence the many particle arrangeme
resulting in macroscopically observed phases. Indeed,
need the transition rates between different particle confi
rations. In so far proposed models of the lattice g
O/W(110) dynamics it was assumed that the essential ki
ics is given by the single particle jumps between neighbor
sites, with rates inversely proportional to the equilibrium o
cupation probability of the initial state. Even though the st
ics of the system is then properly reproduced by the c
structed model, dynamical properties are not necessaril
agreement with experiments.10–15 It would be useful to have
such a model of the surface layer, that reproduces both st
and dynamic properties correctly. We shall show in wh
follows that our twin spin model is a good candidate of su
a description forO/W(110).

TheO/W(110) adlayer is known to have very interestin
dynamical properties.10–13,16–18The diffusion coefficient in
this system increases with coverage, up to the coveragr
'0.3, by more than one order of magnitude and then
creases. Careful analysis of experimental data shows tha
activation barrier for the equilibrium collective diffusion co
efficient EA increases by about 0.4 eV when the covera
grows up from 0.2 to 0.4, whereas no change is observed
the activation barrier of the nonequilibrium diffusion.12,13 It
has been shown in Ref. 14 that the diffusion obtained fr
the simplest version ofO/W(110) model differs substan
tially from the experimental results.11 The collective diffu-
sion coefficient following from the conventional models do
©2003 The American Physical Society06-1
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not show any specific shift in the activation energy.14 It var-
ies rather slowly with increasing coverage or temperatu
The activation barrier of collective diffusion increases a
very little,15 when system is described by the model w
three-body interactions included. In this last model the
havior of the activation energy becomes closer to the exp
mentally obtained data, when not the total, collective, but
center of mass diffusion coefficient is taken into accou
These two quantities differ only by so called thermodynam
cal factor, which is inversely proportional to the equilibriu
compressibility of the surface layer. The questions one ob
ously has to ask are which of those quantities is really m
sured in experiment and is it possible that the theoret
models used in data analysis are inadequate, for they
some of the essential physics?

In order to address these two questions we have stu
dynamical properties ofO/W(110) within our twin-spin
model using Monte Carlo~MC! dynamics with two different
types of transition rates. Our first and simplest choice is t
the rates depend only on the interactions between part
located in their equilibrium positions. The second choice
the transition rates is such, that the transition rates are d
mined by interactions between particles located not only
their equilibrium sites but also at the saddle points betw
them. These saddle points have to be visited by parti
undergoing a ‘‘jump’’ from one equilibrium site to another

It turns out that the first choice result is the diffusio
coefficient D5D(%), which still changes rather slowly
when the coverage is increased from 0 to 0.5. Its qualita
behavior is, however, akin to that observed in experime
situation never found in analysis based on conventional
tice gas models. Dynamics resulting from the model w
second type of transition rates results in much higher pea
the diffusion coefficient around the coverager;0.3. Such
effect has not been obtained within anyone of the previ
models. The activation barrier inferred from this result
creases at this coverage by around 0.4 eV, and we do
observe any jump for nonequilibrium diffusion. These resu
agree with the best experimental estimates.11–13

II. THE MODEL

A. Statics

The twin-spin model, or the triple state model, describ
the oxygenO adatoms atW(110) surface is build around th
notion of the double-well structure of the adsorption cen
binding energy. Once trapped in an adsorption site a sin
adatom finds itself in one of the two equivalent positio
inside a double-well potential associated with that site. O
one out of the two energy-equivalent positions in that w
can be occupied by the adatom. The isolated adatom, in
saddle point energy state separating two sides of the w
has higher local energy, but for some configurations
neighboring adatoms this third state can be energetically
vored. The double-well structure can be described by th
variablesni

A ,ni
B ,ni

C50,1 that is particle occupation of theA,
B, and C states. Because none two of these states can
occupied at the same time, the variables fulfill a local co
strain ni

A1ni
B1ni

C51. These occupation variables ca
15540
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therefore, be considered asthree statesof a single variable
ni . In the analysis of static properties we founded it mo
convenient to ascribe two independent two-state spins
each adsorption site. These two-spins encode together
different states:A,B,C, and an empty site.7 When the dy-
namical properties of such a system are analyzed, it is m
convenient to use conventional occupation number repre
tation.

The Hamiltonian for our model of lattice gas, described
greater detail in Ref. 7, now written in terms of the occup
tion number variablesni assumes the form

H52J (
(NN)

~ni
A2ni

B!~nj
A2nj

B!

1J2 (
(NNN)

~ni
A1ni

B!~nj
A1nj

B!

14J (
(NN)

ni
Cnj

C22J8 (
(3NN)

ni
Cnj

C

2J8 (
(3NN)

~ni
A1ni

B!~nj
A1nj

B!

1V(
i

ni
C2m(

i
~ni

A1ni
B1ni

C!, ~1!

where m is the chemical potential,~NN! denotes the sum
over all nearest neighbor sitesi , j , ~NNN! denotes the sum
over all next-nearest neighbors, and~3NN! over third-
neighbor pairs.

We have shown in our previous publication7 that with the
choice for the interaction parametersJ'0.1 eV, J251.5J,
J850.1J, and V5J, our model reproduces pretty well a
known static properties of theO/W(110) system. We shal
use the same values for these interaction constants in
following analysis of the dynamics properties for the sa
system.

B. Dynamics

Adsorption sites for theO at theW(110) surface form a
two dimensional lattice with centered, rectangular symme
At each site@see Fig. 1~a!# the adatom can be in one of thre
statesA, B, or C. From the stateA this adatom can jumps
either left, into an empty neighboring adsorption site, or rig
into stateB or C. When particle occupies stateB the situation
is mirrored. From the stateC particle can jump to one o
positionsA or B, or to any one of the states in one of th
neighboring sites. All these possible particle transfer p
cesses creates quite a complex ‘‘elementary unit’’ for a sin
diffusion step. Note, that the rates for the particle jumps
pend on the energy of the initial state and the energy of
saddle point. The values for the bare energy barriers,
modified by interaction between particles, between all th
different particle positions-states have been evaluated in
7 using the density functional theory method. For jum
within each double well the barrier is equal toV250.2 eV,
whereas for jumps out of the adsorption well, particle nee
to overcome higherV150.5 eV barrier.
6-2
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As discussed earlier the diffusing particle jumps betwe
many local energy minima. When the particle does not in
act with other particle in its neighborhood, it can jump b
tween two minima of equal energy inside double-well a
sorption site structure. The barrier for jumps between th
two states is much smaller than the barrier to jump out of
adsorption center. The isolated adatom jumps from the p
tion A to B and sometimes it receives enough energy to ju
out, to one of the neighboring sites. The double-well str
ture of the adsorption site does not change much in the
namics of the single adparticle, particularly when there
large difference in barrier height.19

The situation becomes different, when the diffusing p
ticles do interact with each other, when they occupy differ
sites and when interactions differ between positionsA andB,
as in the situation described by Eq.~1!. If that is the case the
transition ratesWi j , for jumps from i to j sites are defined
differently, depending on states from, and into which t
particle jumps.

Rates, used by us in MC calculations are given by
following expressions:

Wi j
D5n expF2bS Va2Ei2Js

D (
^NN&s

ni D G ,
Wi j

C5n expF2bS Va2Ei1Js
C (

^NN&s

ni D G . ~2!

In these equationsWi j
D is the transition rate for a jump

from theD5A or B state, at the sitei, to any other state at a
neighboring sitej or from any of states into theA or B states.
This formula describes also jumps within the same adso
tion site, whenj 5 i . The rateWi j

C defines aC state to aC
state jumps.Va5V1 or V2 depending on whether the jump
outside or inside the adsorption site.Ei is the energy, given

FIG. 1. Schematic picture of the adsorption sites. Circles rep
sentA andB states, diamonds are forC states.~a! Adatoms jumps
from single adsorption site.~b! Neighboring sites of the saddl
point ~denoted as triangle!.
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by the value of the Hamiltonian~1! at initial configuration of
the system. As usuallyb51/kBT. The sum in the exponent
is over all saddle point siteŝNN&s that are the first neigh-
bors of that saddle point which lies between sites from a
into which the particle jumps@see Fig. 1~b!#.

In Eq. ~2! coefficientsJs
D andJs

C measure the strength o
the interactions of the particle, at the saddle point with
neighbors. In our first set of simulations we have assum
that these interactions are equal to zero and the dynam
depends only on the initial energy of the system, i.e.,
adsorption site energy modified by the presence of other a
toms. The height of the intersite barrier remained the sam
both Js50 transition rates along and out of the atomic lin
differ by several orders of magnitude, essentially due t
huge difference inEi . Setting nonzero values forJs

D andJs
C

we can change the relative speed of both diffusion proces
along and across the ordered lines. Note, that in the trans
rates~2!, the positive interactions at the saddle point, defin
as above, favor the probability of a jump out, and into t
ordered line of adatoms. For a particle which is in betwe
occupied rows those rates disfavor the jump probabi
along lines.

We have calculated collective diffusion coefficient f
several values of the saddle point interactions. Below
show results forJs5Js

D5Js
C51.5J, i.e., these which lead to

the collective diffusion coefficient with values closest to t
experimental data. For this specific choice, both of two kin
of jumps are of comparable efficiency.

Our preliminary results shown in Ref. 20, indicated th
the adsorbate dynamics governed by the state depen
transition rates looks quite different than this following fro
the usual lattice gas approach. In Ref. 20 we have alre
mentioned how strongly the coverage dependence of the
lective diffusion coefficient is controlled by the definition o
the transition rates.21 The dynamics that has been discuss
in Ref. 20 assumed instantaneous equilibration within e
of the adsorption sites—no inside adsorption site jumps w
allowed. In the results presented in the following section t
constraint has been relaxed, which, as we believe, co
sponds more closely to the real experimental situation.

III. DYNAMICAL SIMULATIONS

We have studied the system dynamics using the dyna
cal MC simulations. The mode of the dynamics is specifi
by the choice of the configuration dependent transition pr
abilities given in Eq.~2!. Only single jumps of particles from
site to the neighboring site are allowed. The collective dif
sion coefficient is calculated by use of methods worked
by us in previous works.22,23 The dynamical Monte Carlo
analysis of theO/W(110) adlayer is difficult due to reason
discussed in the previous section. There are the large di
ences in barrier energies, and many local equilibrium sta
that are separated from the other minima by very high ba
ers. Due to that the simulations have to be run for a very lo
time, provided we want to obtain results truly correspond
to the equilibrium situation. This is actually the reason why
is very difficult to reach sufficiently good precision usin
harmonic profile decay method,22 and why the step-coverag

-
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relaxation analysis,23 for a wide coverage range turned out
be the more effective method to analyze diffusion
O/W(110).

It is well known, that the step profile analysis gives resu
that can be far from equilibrium measurements, especi
when the initial stages of evolution are taken in
account.23–25We have discussed such situation extensively
Ref. 23, and we have shown, that the results of the diffus
coefficient eventually approach the equilibrium values, a
long enough relaxation time. Below we compare results t
were obtained after short and long relaxation time, and sh
that the results, in particular their scaling properties differ
an essential way.

In the profile evolution analysis method,23 the initially
steplike coverage profile is relaxed, and from its shape
coverage dependence of the diffusion coefficient is ca
lated using the Boltzmann-Matano method

D~r!52
1

2t S dr

dxD
21E

r0

r

xdr, ~3!

where x is the position along the axis vertical to the ste
r(x) is local coverage at pointx, andt is the simulation time.
This method allows us to calculate the diffusion coefficie
for a wide range of coverages. We have checked, for sev
coverages, that the value of the diffusion coefficient is
same, when the profile evolution method is used, with av
age over at least 1000 samples at one point.

In Fig. 2 we compare the coverage dependence of
diffusion coefficient, we have obtained using two modes
the dynamics described above. Figure 2~a! shows the diffu-
sion coefficient in the first case when both interactionsJs are
equal to 0. The figure presents results forkBT50.7J
'800 K, which is slightly below the critical temperatur
kBTC'0.8J. The diffusion coefficient reaches its local max
mum close to the coverage 0.3, then slightly decreases,
then rapidly increases, starting from the coverage of h
occupied system up to coverages around 0.8, where
squared phase changes back into the disordered one.7 The
most interesting part of this plot, which can be compa
with the experimental data lies in the 020.5 range of cover-
age. We can see that for these coverages the diffusion in
system behaves qualitatively as in the experimental sys
It first increases, then decreases, and has the maxim
around coverage 0.3. The increase of the diffusion coe
cient, however, is twice too low, compared with more th
one order of magnitude increase observed
experiments.10,11 The diffusion coefficient slowly increase
for low coverages, which is different from the behavior
the diffusion coefficient obtained on using the conventio
models,15 as well as for the twin spin model but with simpl
fied dynamics.21

The qualitative and quantitative changes in the diffus
are more dramatic for the second choice of our transit
rates, i.e., when bothJs are equal but nonvanishing@Fig.
2~b!#. The appropriate choice of interactions at the sad
point can make the probability of jumps in various directio
equal. Note that scale of both plots in Fig. 2 is different.
can be seen that in that case the value of diffusion coeffic
15540
s
ly

n
n
r

at
w

e
-

,

t
ral
e
r-

e
f

nd
lf
he

d

ur
m.
m
-

n

l

n
n

le

t
nt

for low coverages~below 0.5) increases by a factor 10,
compared to the first case, starting from the same va
~which is just a single particle diffusion at given temper
ture!. It can be also seen that diffusion drops down for t
dense system.

More detailed analysis has been done for the lower c
erages. The results for the diffusion coefficient, calcula
from the profiles after long relaxation time, thus close to t
equilibrium values, are presented in Fig. 3. Note that in F
2~b! the diffusion coefficient atr50.5 is much higher than
that shown in Fig. 3. The difference stems from the sho
relaxation used in simulations presented in Fig. 2. Data p
sented in Fig. 3 were calculated by longer simulations a
with lower values of the coverage change step~up to the
coverage 0.5!. Figure 3 shows more systematic data for se
eral temperatures, all below the critical temperature. T
kind of oscillations visible in the individual curves forr
higher than 0.3 is due to quite large inaccuracy of calcu
tions at such low temperatures, however the general
dency of the diffusion behavior is reproduced.

The values of the diffusion coefficient, presented in Fig
contain the information of its temperature dependence.

FIG. 2. Diffusion coefficient as a function of coverage atT
50.7J for a dynamics given by transition rates with~a! no interac-
tions at the saddle point and~b! interactions withJs

A5Js
C51.5J.
6-4
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usual experimental analysis of such data is based on
Arrhenius-like parametrization of the diffusion coefficient

D~r,T!5D0~r!exp@2EA~r!/T#. ~4!

Note that the activation energy of the diffusion proce
EA(r) and the prefactorD0(r) are coverage dependent. Th
analysis of the experimental data shows thatEA obtained in
equilibrium measurements changes with coverage ra
slowly everywhere within (020.5) coverage range, exce
one narrow region, around coverager50.3, where it in-
creases rapidly by 0.4 eV.11–13 If there is only weak depen
dence of the activation energy on coverage in wide rang
density, we can assume that it is almost constant in th
region. Hence the temperature and coverage dependen
the diffusion coefficient should be separated each from
other, differently, however, in low and high coverage regim
of the phase diagram. For this reason we write

D~r,T!5D~r! f c~T!, ~5!

where f c(T) with c51,2, are the temperature depende
scaling functions in low and high coverage regions of
phase space, respectively.

From the plots in Fig. 4, it is evident, that one can ident
f c(T)5exp(2EA

c/T), and that within quite a wide range o
coverages, and for various temperatures the diffusion co
cient can be approximated by a single independent of
density activation barrierEA

c parametrization. This single ac
tivation energy within wide range of temperatures should

FIG. 3. Diffusion coefficient for dynamics given by the trans
tion rates dependent on the interactions at the adsorption site a
the saddle point, for temperatures kTT
50.8J,0.75J,0.7J,0.65J,0.6J, 0.55J subsequently from top to bot
tom. All temperatures are belowkTTc'0.8J. The relaxation time of
dynamic process scales with the temperature, hence we change
number of calculated MC steps as the temperature decreased.
sequently 60 000, 80 000, 15 0000, 200 000, 300 000, 500 000 n
ber of MC steps have been used.
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understood here only as the mean value. We expect tha
exact value ofEA changes with the coverage, however n
much far from theEA

c parameter. Functionsf c(T) as a func-
tion of inverse temperature are plotted in Fig. 5. The acti
tion barrier can be calculates from the slope of presen
lines, and for the coverage from 0 to around 0.27 it is eq
to EA

154.3J'0.43 eV and for the coverage above 0.4
0.45, depending on the temperature isEA

258.7J'0.87 eV.
Note that for all temperatures plotted here we are below
critical temperaturekTTc'0.8J, and the phase transition be
tween disordered and ordered 231 phase is present at cov
erages between between 0.27 and 0.4, depending on the
perature.

The strong change in the diffusion properties is caused
the change of the system ordering. The obtained value
the activation energies should be compared with experim

at

the
ub-
m-

FIG. 4. The same data as in Fig. 3, divided by the scaling fac
in order to collect them into one line~a! for lower coverages 0
20.27, D* 5D/ f 1(T) and ~b! for higher coverages, above 0.4
D* 5D/ f 2(T).
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tal 0.6 eV and, respectively, 1.04 eV as quoted in Refs. 1
13. The discrepancy between our calculations and the exp
mental data is around 0.15 eV, this can be traced to still
precise estimation of the interparticle interaction constanJ,
and the resulting inaccuracy in the scaling relation infer
from the numerical data. The difference between low a
high coverage activation energies obtained by us is aro
0.4 eV, very similar to the experiment. Note also, that
prefactorD0 increases rapidly by almost four orders of ma
nitude within the same range of coverages, quite as the
perimental situation.

The values ofEA discussed above are taken from equil
rium experiments. In the system that is far form equilibriu
activation energy should be more or less the same va
around 0.6 eV, for coverages up to 0.5.12,13In Fig. 6 we show
the scaling of the diffusion coefficient in highly disordere
system. This diffusion coefficient has been calculated fr
the initial stages of the step evolution, when the local or
within the system has not been developed yet. This ini
relaxation time is 103 times shorter than the one we us
calculating the curves presented in Figs. 3,4. We can see
the behavior of the nonequilibrium results is essentially d
ferent, especially in the close to coverage 0.5 part. It can
also seen that there is only one scaling function in the wh
range of coverages, which suggests that the activation en
in the nonequilibrium situation stays at the same level for
these coverages. The scaling numbers have been plotte
Fig. 5 by cross marks. We can see that they all lie on the
coverage scaling function, which means that, the activa
energy for the diffusion in disordered system is close to
'0.43 eV, although we expect that it slowly changes w
the coverage.

IV. CONCLUSIONS

The crucial point in the discussed here dynamics of
O/W(110) model is the difference betweenA and B states.
According to the first term of Eq.~1! the particle attracts its

FIG. 5. The temperature dependence of scaling factorsf (T):
circles for f 1(T) at lower coverages, and squares forf 2(T) at higher
coverages. Crosses denote scaling factor for disordered system
15540
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neighbors in the same state. Attractive interaction ma
jumping out from the adsorption site more difficult. The
interactions cause that the diffusion curves in Refs. 14
decrease with coverage for low values. The twin spin mo
O/W(110) is closer to the conventional models if we assu
that stateA is equivalent toB, and that stateC is excluded
from the model. We checked that the diffusion coefficient
this special version of our model indeed leads to the sa
dynamical behavior like in Refs. 14,15. In the twin sp
model~1! when two particles are nearest neighbors and b
are in the same state, sayA, they attract each other. Th
barrier betweenA andB state is quite low, so the particle ca
jump back and forth between them. When the particle is
the stateB, its interaction with neighboring sitesA becomes
repulsive. The local energy of neighbor increases, and
ticle can more easily jump out from its place. The addition
stateB is for an adatomlike step that helps it to climb u
Thanks to theA-B repulsive interaction, the diffusion in ou
model grows when coverage increases, at low covera
The difference betweenA and B states guarantees goo
qualitative tendency in the coverage dependence of the
fusion coefficient, but it is not sufficient to obtain good qua
titative results for activation energy and for an increase of
diffusion coefficient.

Good quantitative results can be obtained, as follows fr
our work, by an additional dependence of the barrier hei
on the properly chosen interaction with neighboring sit
This interaction is defined in such a way that it remov
discrepancy between movement along and vertically to
ordered oxygen lines. We have shown that such choice
interactions at the saddle point leads to a value close to
experimental activation energies and diffusion coefficie

FIG. 6. Rescaled diffusion coefficient calculated from the s
after short relaxation time. Dynamics is the same as in Fig. 3.
temperatureskTT50.7J, after 150 MC steps~circles! 0.65J after
200 MC steps~stars! 0.6J, after 300 MC steps~squares!, and 0.55J
after 500 MC steps~triangles!. All temperatures are belowkTTc

'0.8J.
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functions.11–13,16–18We compared results obtained in high
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relaxation process, with the diffusion calculated after th
orders longer time. The results are qualitatively different,
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