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Importance of proper choice of transition rates in kinetic simulations of dynamic processes
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Proper transition rates in kinetic mean-field and Monte Carlo simulations of dynamic processes are very
important to obtain realistic results. We show that by proper choice of the transition rates one can unify the
advantages and eliminate the disadvantages of different models used in the litesa¢yre.g., Senhagt al,

Surf. Sci. 274, 297 (1992 (kinetic tight binding Ising mod¢] Martin, Phys. Rev. B41, 2279(1990 and
Cserhatiet al.,, Surf. Sci. 290, 345(1993)]. Furthermore, we also show that this choice cannot be considered
simply as an extension of the previous ones. It contains an additional parameter controlling the ratio of the
transition rates in the bulk and close to the surféfg, /' 1), Which influences the kinetics of surface
segregation. We show that some results obtained previously need reconsideration. We illustrate, e.g., how the
composition dependence of the transition rgtifusion coefficient influences the ‘surfactant formation and
dissolution mode’. For example, the dissolution kinetics can deviate from the parabolic law on the nanoscale
in accordance with our recent resujirdélyi et al, Phys. Rev. B69, 113407(2004)]. Furthermore, we also
present how thél'g,¢/ T, ratio affects the kinetic segregation isotherm.
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I. INTRODUCTION is neglected, although in real systems usually it cannot be
The kinetic tight binding Ising mod&(KTBIM ) was de- doné?® The transition rates used in calculations by Cserhéti

veloped in order to describe the kinetics of either segregatiofit @l (based on Martin's original pair interaction picttiye
of B atoms in amA(B) alloy or dissolution of a thin deposit of include it but the segregation tendency is connected to the
A atoms into aB substrate. For example, Delageal? and strength of the composition dependence of the transition
Rousselet al2 have studied the dissolution of a ten-atomic- rates(both are calculated from the pair interaction energies
layer-thick deposit into a semi-infinite substrate when theThus we can observe a strong segregation tendency only in
substrate atoms have a tendency to segregate onto the dbe case of strongly composition-dependent diffusion coeffi-
posit. Using this KTBIM, Delaget al. calculated the disso- cients, which is obviously unrealistic. For example, in real
lution of ten-atomic layers of Fe into a Cii0) single crys- Cu—Ag systems the composition dependence of the diffu-
tal, whereas Rousset al. performed the same calculations sivity can practically be neglectédyut strong surface segre-
but for the Ni/Ag100 system. It has been shown that, in gation is obtainedsee, e.g., Ref. J0Thus, an inadequate
spite of the relatively thick deposit, the segregation couldchoice of the transition rates can result in effects hardly ob-
lead to a rapid enrichment of the surface by the substratgervable in real systems.
atoms and thus to burying of the almost intact deposit. Then, It will be illustrated—by a proper choice of the activation
in this surfactant dissolution mogéwo simultaneous layer- energy terms describing the segregation tendency, the com-
by-layer dissolution processes take place and compete witposition dependence of the diffusion coefficient, and the
each other: layer-by-layer dissolution from the top as well agump frequencies between the surface and subsurface
from the bottom of the film. This competition continues until layers—that both the surfactant dissolution mode and the
the whole deposit has been dissolved into the substrate. parabolic dissolution kinetics can be observed only if the

Furthermore, Roussdt al. found that this behavior can diffusion jump frequencieétransition ratesare independent
be observed only above a critical temperature whereas &f composition. Furthermore, we will show that the transi-
lower temperatures the surfactant dissolution mode changd®n rates close to the surface must be underestimated in the
into the simple(“classical’) layer-by-layer dissolution mode KTBIM and that the ratio of the transition rates in the bulk
(see Fig. 1 in Ref. 8 In addition the authors obtained that and close to the surface influences the kinetics of surface
the displacement of the interface is proportionat'téin all segregation.
cases, whereas the surface enrichment in substrate atoms is
found to increase linearly with timginear time dependence
of the surfactant effegt Il. BASIC EQUATIONS: ADEQUATE CHOICE OF

Kinetic mean-field and Monte Carlo simulations of dy- ACTIVATION ENERGIES
namic processes have become very common in many
branches of condensed-matter and materials physics. The The KTBIM is in fact based on a one-dimensional deter-
proper choice of the transition rates is very important to ob-ministic modet in which atomic planeswith an area ofg)
tain realistic results. Several papers deal with this problenperpendicular to the direction of diffusion are considered.
under different conditions*-7 The time dependence of the atomic fraction of layét;) is

In this article we show that in the KTBIM the composi- calculated as a detailed balance between incoming and out-
tion dependence of the transition ratéiffusion coefficient  going fluxes:
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dC =D/d? is used, wher® is acomposition-independeuiffu-
T z[Ci(1 -CipTj -1 = (1 =C)Ci4l'iy; sion coefficient, andl is the interplanar spacing in the direc-
tion of diffusion. Therefore
+Ci(1-Cii )l s — (1 =C)Cisal'iia], (1)
KTBIM _

. . . . D KTBIM D
whereT’;;,, is the frequency with which aA atom in plane Iiisn™ = gy andlig = 5/y. (10
i exchanges with 8 atom in plané +1, andz, is the vertical
coordination number. For the exchange frequency an From these expressions, it is clear thawif0 (i.e., the

Arrhenius-type temperature dependence is assumed: system is completely miscible y,=10i independently
of the composition distribution; thereforE|3™=I{ "
[ii= vexp(— ﬂ) (2) =D/d?0i. This means that the exchange frequencies or the
’ KT diffusion coefficients are the same, for instance, inAarich

and in aB-rich sample, although it is clear from, e.g., ra-
diotracer experiments that they are usually differeditfu-
sion asymmetry The same conclusion can be drawnVif
#0 but the composition distribution is homogened@
=C=constli), sincey,=10i in this case as well. It is, how-
ever, obvious that using the exchange frequencies given by
Eq. (6) this problem does not enter. As was shown in detail
For instance, the following choice is adequatete thatit  in Ref. 10,T} is proportional to the tracer diffusion coeffi-
is almost the same as in Ref: ¥ cient (D*), which is in generalcomposition dependent
D* = Dyexp(mC) wherem=2ZM/kT. Here we introduce the
parametem’ =mlog;, e describing the strength of the diffu-
sion asymmetry, which gives the difference between the dif-
fusion coefficients in puréd and B matrices in orders of
magnitude. Moreovery; and the thermodynamic factor for
diffusion'® (®) are interrelated; fromy,, ® can be derived®
a;=[2,(C_;+ Ci1 + G+ Cirp) + (G + Cir)IM, (4)  TheD*® product is the intrinsic diffusion coefficieft.
Here it is worth noting that, although in many caseskhe
£,=[2,(Ci_1+ Cisy— Ci— Cisp) +7(C, - Ci) V. (5)  andV parameters are determined from pair interaction ener-
gies, one can use their experimental values or can calculate
Here z is the lateral coordination numbeM=(Vaan  them from more suitable models since they are input param-
—Vge)/2, andV=Vpg—(Vaa+Vgp)/2, whereVyy (>0) are  eters(number$ and their values do not influence the validity
the nearest-neighbor pair interaction energies between spef Eq. (1).
ciesX andY (X,Y=A or B). As will be discussed belowy
in «; determines the strength of the composition dependence
of the transition rates, whereadsin ¢; is the regular solid B. Near the surface
solution parametéf proportional to the heat of mixing and
measures the phase separatiMd>0) or the ordering(V

were v denotes the attempt frequendy,is the Boltzmann
constant,T is the absolute temperature, alg. is the acti-
vation barrier, which can be chosen in different waisit
satisfying the steady-state conditjaas was shown in Ref. 4.

A. In the bulk

Ei'i+1:EO_ai +8i and Ei+1,i = EO_ai - &, (3)

where E°(>0) is a composition-independent terrgthe
composition-independent part of the activation engigpn-
taining the saddle point energy, and

Near the surface the jump frequencies usually are consid-
ered different than in the bulk, since it is supposed that close

<0) tendency. Furthermore, to the surface, the number of bonds, the structure, etc. can be
=T =T modified (e.g., by relaxation
L =Ly andlig, =1y ©® In the simplest case, we can write the “surface equations”
where (for i=0 and 3 from a breaking bond modéBBM) (see,

e.g., Ref. 5. After some algebra, taking also into account

= pexd - E0- Q and = exd — ki 7 thatV can be enhanced at the surfape.g.,V,=1.5V for the
T vex kT N=ERT ) (100 surfacg the following expressions are obtained:

usgjr;g’qg other hand, in the KTBIM the following choice is Eo1= EQ- ap+e9—2,(Vs— V) +(z+2,)V - zVs+ Ao,

EiK,iT&IM =E=V'[(z-2)(C - Cis1) +7,(Cir2- Cip], Eio= é(s) —ap—g9-2,(Vs— V),
iliTlﬁlM: - E; ®) SPE E°- ar+e1-2,(Vs—V),
here V' is the effective pair interaction energy between A
atoms3? Reformulating it as Ey1=E%—a;—e;. (11)

Ei=-[2/(Ci-1*+ Ciss = Ci = Cira) +2(C - G V', (9) Here fzg is the composition-independent term near the sur-

we can see that witV=-V’ (i.e., V' >0, ordering;V’' <0, face and is equal té°+zUVBB. This means that the atomic
phase separatiopn E;=¢;. Furthermore, in the KTBIMv  jumps(I'; g andI'y ;; from here denoted by, are faster
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here than in the bulkI'y,W). Ac=2z,(Vaa—Vee)/2, which InT \ InTo,
corresponds to the difference in surface energiggs') 10 1 —_—
Moreover, |ATVAT
ag=[2,(Co+ Cy+Cp) +7(Cy+ Cy M, (12) InTo
InTo; -
&= [(zv - Z|)CO + Zvcl]vs_ (Z|Cl + ZUCZ)V! (13) |AT)/2kT } (EO _ES)/‘/kT
""""""""""""""""""" bulk
£1=[2,(C,—C,—Cy) +7(C, - C))V+2z,C,Vs. (14 |At)/2kT
Note thatw,; can be calculated from E@4) with i=1(i=0is In Ty,
the surfacg ‘
This (BBM) choice includes some restrictions, namely, it

containsonly the energy gain due to the difference in the KTBIM Our model

surface energies; moreover the segregation tendency and the g, 1. Jump frequencies in the surface region as compared to
diffusion asymmetry are linked to each other since both dethe pbulk jump frequencies ik 7<0, V=0, andM =0.
pend on the/,a—Vgg difference.

The second restriction does not arise in the KTBIM since_~kteim KTBIM KTBIM KTBIM

DV o . =T . If for instanceA7>0, I <T <T
th_e Q|ﬁu5|on asymmetry Is |gnored. The first one, hOV.VeV‘?“ 'S(se%]":'allso Fig. )1 then not all the j?j%nps art:eu”f(aster lri(()aar the
eliminated by the following choice of the activation

surface than in the bulk, where&g, ;< T'syrrace iS €Xpected
energy*? : e ™ -
: usually. However, already in the composition-independent
EKTEM=V((z, - 2)Co+ (V'z — V{z,)C, + V'2,C, case theE?-E{ difference can ensure that atoms can jump
faster in the surface region. Of course, there can be cases

+[AT-V'(z+2) +Voz /2, (15) when an additional subsurface barrier slows down drastically
KTBIM <1 ) ) the atomic movements near the surface, e.g., due to elec-
Er " =V'(z,-2)(Cy - Cy) +2,(V'C3~ VCo) tronic field (charge effects, etc. However, by an adequate
+(Vy—Vz,l2. (16) choice of theEO—Eg difference(it can be even negatiyethe

. ) . , ) requested s,/ 'y, ratio can be adjusted.
Here A is the segregation energy gain, which contains both

the energy gain due to the difference in surface energies and

also that due to the difference in size of the two elements lll. CALCULATION PROCEDURE

(AHSZ9. That is, A7=AHS"""+ AHS?¢. ReformulatingEg > In our kinetic mean-field KMF) simulations the compo-

and EXT®M similarly to EXT®™ [see Eq(9)], sition profiles were calculated in two steps. First the activa-
tion barrier and the exchange frequencies were calculated

KTBIM _ 1 ’
Eo 7 =1z -2)Co+2CilV + (3C, + 2,C)V from Eq.(2) using Eq.(3) with Egs.(4) and(5) in the bulk
+[AT=-V'(z+2) +Viz]2, (179  and Eq.(11) with Egs.(12)~(14) near the surface. Then the
new configuration of the composition was derived from Egs.
ENBM=—[7(C,-C1-C) -2(Ci-CIIV-2C v, B
+2z,(Vg=V)I2. (18) IV. ON THE SURFACTANT DISSOLUTION MODE

Thus, for example, takingo=Ar the size effect can also  aAg has been seen, our equations have three advantages
be included in Eqgs(11). Additionally we can also separate pecause they contaifi) composition-dependent diffusivity,
the composition dependence of the diffusivity from the segxj) independent parameters for segregation tendency and dif-
regation tendencyM andAr can be considered as indepen- fsion asymmetry, andii ) adjustable surface and bulk jump

dent input parameterswhich is more realistide.g., in the . . 2020
Cu—Ag system the segregation tendency is strong, whild €quency ratiol'sur/ I'ouid (bY the choice of"~Es).

the diffusion asymmetry is moderaterhus, Eqs.(11) can

contain all the advantages of the KTBIM choice but retain A. Diffusion asymmetry

the composition dependence, as well. The neglect of the composition dependenceDdf has
Furthermore, Egs(11) have another favorable feature, serious consequences. For instance it leads to an interface

namely, that theEO—Eg difference can also be adjusted shift always proportional to the square root of the time inde-

(again, it has not necessarily to be equalzi®gg, which  pendently of the investigated length scale. As was shown in

would follow from the BBM). Changing this difference, we Refs. 11 and 14 the interface shift in general is a power

can vary thel'g, /T, ratio, whereas it is fixed in the function of time(xt), and the exponerk, can differ from

KTBIM and probably not in the best way. For example, we 0.5 on the nanoscale.

can see ifV'=0 (i.e., V{=0 as wel), Eoj=A7, and E;=0 Maybe an even more spectacular consequence is the dis-

0i(#0). This means thatl'§}""'=(D/d?exp-A7/2kT),  appearance of the surfactant dissolution mode, which is il-

rﬂ)B'Mz(D/dZ)epoAT/sz), and FKTB'MzrﬁTlﬁ'Mz(D/dZ) lustrated below.

i+l
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Using the more general form of the exchange frequency,
i.e., Eq.(6), we could reproduce the results obtained in Refs.

2 and 3 withm'=0, E°>~E%=-|A4/2 (to ensure a similar 0.8

Isuri/ Ty ratio as in the KTBIM; see also Fig),Jand taking =
A7=-0.42 eV, i.e,, if the diffusion coefficient was composi- 2 o6
tion independent[see Fig. 2a)]. However, in case of .2
composition-dependent diffusion coefficients, as can be seer 3 0.4
in Fig. 2, the dissolution mode depends alsoroh When “é ’
m’ =2 first the “classical” dissolution mode is observed, and g

only after the deposit thickness reaches a certain value doe
the dissolution continue by the surfactant mode. This clearly
means that the dissolution mode depends on the thickness ¢
the deposit as well, as was first mentioned in Ref. 10 and
later discussed in more detail in Ref. 12nif=4 we observe

only the “classical” diffusion mode practically during the @)
whole process, and the segregation of the substrate atoms ce
be seen only when the interface reaches the near-surface re
gion.

Thus, generally, we can say that the existence of the sur-
factant dissolution mode—in addition to the thickness of the «
deposit, the segregation tender(@yr), the temperatur€T),
and the phase separation tendefi¢y—depends strongly on
the composition dependence of the diffusion coefficien?)
as well. It can be observed only if the composition depen-
dence of the diffusion coefficient is negligiblen’ = 0), but
the system has a strong segregation tendency and the depo:
is thin. Here we must note that, regarding the diffusional data
in the literaturé m’ has quite often a value of 4 to 7 or even o8-8 000088
larger especially at low temperatures. Moreover, usually if rrrrrrre e r T e T
Aris largem’ is also important, since bothr andm’ con- 0 5 10 15 20
tain contributions from the difference of tha&—A and () number of layers
B—B pair interaction energie&/ap—Vgp).

atom fraction of

B. The E°-E difference

As was also mentioned in Ref. 12, according to Lagués
the kinetic path should follow the one of surface local equi-
librium if the flux toward the surface is much smaller than
both the incoming); o and the outcoming, ; surface fluxes.

However, this is controlled just by théo—ég difference,
since it determines thEg+/ 'y ratio.

Indeed, as can be seen in Fig. 3, on chandﬁﬁg ég the
correspondings vs C, curves are quite differerthereC, is
the atomic fraction of the substrate element in the second

subsurface laygrwWhen éO—Eg is smaller(i.e., Ugy i/ Tpui 1S
largen the agreement with equilibrium is better. ¢ number of layers

This means that the choice of the valueES#-EJ should FIG. 2. Time evolution of the composition profile calculated by
be a very important parameter in the investigation of theyyr KMF model.(a) m’=0 (surfactant mode (b) m’ =2 (first the
local equilibrium “classical” dissolution mode is observed, and the dissolution con-

Here we must note that numerous papers in the literaturgnues only later by the surfactant modé) m’ =4 (only the “clas-
deal with the problem of local equilibrium, e.g., in the frame- sical” mods.
work of the KTBIM, without considering this parameter. For
instance, in the KTBIM the special choice Bf, /'y re-
sults often in deviation from the local equilibrium. What is E°-E_ if necessary.
more, since this ratio is influenced lyr, the deviation is Thus, we think that many results concerning the
larger if the segregation tendency is larger. In our modellocal equilibrium problem in the literature should be
however, it can be compensated by the adequate choice ofevaluated.

atom fraction of A
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FIG. 3. C5 vs C, curves for diﬁerenlﬁo—ég (i.e., Tsyre! Tpu)-
The solid line corresponds to the equilibrium curve, while the other
ones are obtained from our KMF model. Whéﬂ—ég is smaller
(i.e., Tsut/Tpuic is larged the agreement with the equilibrium is
better. o

C. Time dependence of the surface enrichment

The EO—ES parameter has influence on the kinetics as
well.

Recently Roussett al!? have found that the surface en-
richment in the substrate element increases linearly with time

X 0 100 200 300 400 500 600

instead of following the usualt law. (b) time [a.11.]

First, we also analyzed the time evolution of the surface
composition of the substrate elemg&atomic fractionCy) in 1.6 e -1
the case of the same parameters; therl we performed othe ,, ] g; o -
calculations changing the value &fr and EO—Eg. 19 ] / — 0.8

As the dashed line in Fig.(d) showsCg seems indeed to ] / -
increase linearly in time; however, it curves slightly. In order 14 — 0.6
to see the details better we have plotted the logarith@of & (5 e L &
as a function of the logarithm of the timgog Csclogt), . L L 04
since if Cq is indeed proportional to (i.e., a power function 06 /’/ L
C.xtk), the slope of this function has to be equal tgi.&., 0.4 el L 02
ke=1). What is more, we can also better see if the slope , e |
changes with time. In Fig.(4) the solid line represents the 1 | | | | | | | | 0

time evolution ofk.. As can be seen the value kf changes
between 1 and 1.2 during the increaseCof

Changing the value oﬁo—ég for example to 1 eV, the
value ofk; varies between 1 and[8ee Fig. 4b)]. Therefore

the C, vs t function depends highly also on the valueE¥  model. (a8 Ar=0.92 ev, EO:E2=0; (b) Ar=0.92 eV, E°-EJ
~E°, =1 eV;(c) A7=0.42 eV,E°-E2=0.
Similarly as in Ref. 12, we have also investigated how the
value of A7 influences the time dependence of the surfaceosition independet In the present investigated cases,
enrichment. We obtained that for example in the case of &dowever, C; and C, are connected by the Fowler-
value of 0.42 eV the time dependence also deviates from th@uggenheim isotherm, whef@< C,, is not valid (see the S
linear kinetics[see Fig. 4c)]. Thus it depends highly also on shape of the isotherms in Figs. 4 and 5 in Ref. 12, and also
the value ofAr. Fig. 3 in the present wojk In fact, this explains the time
Rousselet al!? have given an analytical explanation for evolution ofk; as well. Furthermore, usually deviations from
their findings. The analytical prediction of the time evolution the classicaht law are expected in finite systetdsf the
of the surface composition can be valid only in the case ofliffusion zone reaches the edge of the santpkre that of
the Henry approximation, i.e., when the surface compositiorthe deposit The “reflections” disturb the “usual” behavior
is proportional to the subsurface compositic@s=k,C,, (and the Boltzmann transformation cannot be appli€d-
whereky, is the surface segregation coefficient and is com-nally, we also note that the validity of the classical continu-

0 100 200 300 400 500 600 700 800 900
time [a.u.]

(©

FIG. 4. Time evolution ofk, and Cg calculated by our KMF
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ous equations is restricted at atomic scales, and in particulg¢ated that the,&_o_f;g difference influences the kinetics of
conclusions concerning kinetics fail at short diffusion syrface segregation and due to this some results obtained
distances?*410 previously in the literature need reevaluating. We have illus-
trated that the composition dependence of the transition rates
influences the surfactant formation and dissolution mode.
Finally, we note that of course this choice of the activation
We have shown that with a proper choice of the transitiorenergies can be used not only in deterministic kinetic models
rates we can unify the advantages and eliminate the disadut in Monte Carlo techniques.
vantages of different models used in the literature. We have
also shown that this choice cannot be considered simply as ACKNOWLEDGMENT
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