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In this paper we study the relationship between equilibrium and kinetics in Cu-Ag (111). We
investigate the kinetics of segregation in a silver—dilute-copper sample and the dissolution kinetics
of one Ag monolayer deposited on Cu(111). We compare results obtained using mean-field and
Monte Carlo methods and relate them to the equilibrium isotherm by means of a local-equilibrium
concept. We find good agreement with available experimental results on segregation kinetics and
on dissolution kinetics when the Monte Carlo simulation is used.

I. INTRODUCTION

In bimetallic alloys A.B;_. the relative concentration
of the alloy constituents near the surface is in general
different than in the bulk giving rise to the surface seg-
regation phenomena. For a given temperature the equi-
librium surface concentration depends in general on the
surface orientation, the size mismatch of the constituents,
the difference in surface energies, and the type of chemi-
cal bonding of the atomic species. Many of these effects
have been studied theoretically in metallic alloys.!™®

From the kinetic point of view, two kinds of studies
are of interest: the kinetics of surface segregation, that
is, how the equilibrium surface segregation is established
from an initial nonequilibrium condition, and the kinet-
ics of dissolution of one or several A monolayers that
were initially deposited on a free B surface. The kinetics
of surface segregation cannot be theoretically interpreted
by means of the standard Fick’s description of the flux of
matter being proportional to the concentration gradient
because it cannot explain uphill diffusion. On the other
hand, during the kinetics of dissolution a metastable sur-
face alloy can be formed in some cases. Moreover, when
the surface energy of the deposit is higher than the sub-
strate one a surfactant effect could happen.6™® It is nec-
essary to have a theory that takes into account not only
the surface energetic factors but also the tendency of the
alloy to either form ordered phases or to phase separate.
In this sense, different models have been proposed to
study segregation kinetics near a solid surface that are
consistent with the equilibrium surface segregation® 13
and some of them also account for the bulk properties.
These models are one-dimensional (1D) multilayer mod-
els that deal with homogeneous concentrations per plane
parallel to the free surface. The in-plane inhomogene-
ity is not taken into account in these models and short
and long distance in-plane ordering as well as correlations
are neglected. To go beyond these limitations one could
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use more sophisticated mean-field models or Monte Carlo
ones.

The equilibrium and kinetics on the (111) surface of
Cu-Ag alloys have been studied experimentally!4 ¢ and
theoretically.!” 1® Regarding the equilibrium properties
and from the bulk point of view the Cu-Ag system is one
with a tendency to phase separation and from the surface
point of view it presents a strong tendency to silver segre-
gation. It has also been shown that layering transitions
occurs in the (111) surface of Cu-Ag (the near surface
concentrations going from low to high silver concentra-
tion by lowering the temperature or increasing the bulk
concentration).}472°

There have also been experimental studies of the ki-
netics of surface segregation and the kinetics of disso-
lution of one monolayer of Ag on Cu(111) using Auger
spectroscopy.'® They show a linear growth of the surface
silver concentration with the square root of time in seg-
regation kinetics and a linear decrease of the surface con-
centration with square root of time during dissolution.?*
During these kinetic studies the part of the surface phase
diagram where the system undergoes the mentioned lay-
ering transition is explored. One can then wonder up to
what extent these one-dimensional mean-field models are
able to describe the experimental results. It was found
that a mean-field model correctly describes the experi-
mental result during segregation kinetics but not during
the kinetics of dissolution.22-23

The aim of this paper is then to compare two different
theoretical approaches: a simple one-dimensional mean-
field model and a Monte Carlo model when applied to the
segregation equilibrium and to the kinetics of segrega-
tion and dissolution in Cu-Ag alloys and also to compare
them with available experimental data. Both models are
based on the same effective tight binding Ising model®?*
that takes into account the surface segregation parame-
ters and the tendency of the bulk to phase separate or to
form ordered phases. However, we are aware that both
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models being rigid lattice ones do not take into account
in a rigorous way the displacement of the atoms during
the diffusion process that can be important due to the
large size mismatch of about 12%.

II. THE NUMERICAL MODEL

It is well known that the total energy of transition
metal alloys A.B;_., where d electrons play a predom-
inant role, cannot be written as a sum of pair interac-
tions. Nevertheless it has been demonstrated that the
part of the energy that depends on the actual configu-
ration can be calculated as an Ising model with effec-
tive pair interactions. These effective pair interactions
are calculated from the tight binding electronic struc-
ture of a totally disordered alloy in the coherent potential
approximation.2’

The generalization of this model to surfaces of tran-
sition metal alloys is the tight binding Ising model
(TBIM).5:24 The internal energy is then written

HTBIM _ an{Ahfff N . Z Vnm}

m#n

+ Z PrnPm Vam, (1)

n,m#n

where p,, is the spinlike occupation variable equal to 1
(0) if the site n is occupied by an atom A (B). Let us
recall the main features of the model.

(i) Vam is the effective pair interaction between atoms
at sites n and m:

V‘"m = % VnAn/t\ + Van? - ZV,;A"?), (2)
for fcc systems it is negligible if n and m are not first

neighbor sites. It takes a constant value V,,,, = V if n and
]
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m are bulk sites and characterizes the tendency to bulk
ordering (V > 0) or to phase separation (V' < 0). When
at least one site belongs to the surface, the interaction
Vam is enhanced being Vo = 1.5V for the close packed
(111) and (100) fcc surfaces and Vo = 2V for the (110)
one.

(ii) The linear term AR is related to the difference
in surface energies between the pure constituents, and is
generally different from zero only for the surface and first
underlayer planes.

(iii) AHS#® accounts for a possible size effect, this term
is calculated by means of a tight binding quenched molec-
ular dynamics?672® and is only significant close to the
surface. In this scheme AHZ?® is calculated as the size
dependent part of the difference between the total en-
ergy when a single impurity is moved from the totally
relaxed bulk to the totally relaxed surface. For a given
bulk concentration this value decreases with the surface
concentration co;'” however, for simplicity in this work
we have used a constant value calculated in the surface
and bulk dilute case (cq,c — 0).

A. Mean-field statics

In this section we present the model used within the
mean-field approximation. In this case, the relevant
quantities are the concentration of A atoms in the ¢ plane
parallel to the surface ¢; (i = 0 being the surface plane).
This assumption of homogeneous concentration per plane
gives rise to a one-dimensional model where the grand-
canonical free energy is written

G = (H™™) — T(S) — u(Na). 3)

(HTBIM) represents the mean value of the internal energy
calculated from Eq. (1):

(HTB™My — co N, {AH5™ + AhSE — Vo(Z + Z') + Vo(Zeco + Z'c1)}
+eiNp{AH + ARST —V(Z +2') = VoZ' +V(Zey + Z'ca) + VoZ'co}

+Y aiNp{-V(Z +22') + V[Zei + Z'(ci1 + cim1)]}- (4)
i>2
[
(S) is the mean value of the entropy: equations:2®
bt ci c AH;
(S) = —kN, ;[c,» In(c:) + (1 — ;) In(1 — ¢)]. (5) = ~1-c%P {— T } (7

(N4) is the mean number of A atoms in the system:
(Na) =N, ) ci. (6)
=0

N, is the number of atoms in a plane parallel to the
surface, T' the temperature, p = p4 — up the difference
of chemical potentials, and Z, Z' the numbers of first
neighbors in the same and adjacent planes, respectively.

Minimizing the free energy G with respect to the plane
concentrations c; gives a system of coupled nonlinear

where c is the bulk concentration, A H; is the segregation
enthalpy on the ¢ plane, that is the energy needed to
exchange an atom B in the ¢ plane by an atom A from
the bulk:

AHy = AH$™ + ARET +V(Z +22') - Vo(Z + Z')
+2Z(Voco — V) + 2Z' (Voer — 2Ve),

AH, = AHS* + AR L VZ' —VoZ' +2ZV(c1 —¢)
+2Z'(Voco + Vez — 2Ve), (8)

AH; =2ZV(c; —¢) +2Z'V(cit1 + ci1 — 2¢).
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To calculate the equilibrium profile one can use either
an area-preserving map algorithm?#?® or a local field re-
laxation one.!”24 In this work we used the second proce-
dure that consists to extract c; from the left hand side of
Eq. (7) and to iterate the system of equations from a set
of initial concentrations for a given system size (N =~ 20)
and a given bulk concentration determined by imposing
the following boundary condition: ¢y, = c. This pro-
cedure converges to a minimum of the free energy. When
a first order layering transition occurs (one of the near
surface layers going from almost pure B concentration to
almost pure A concentration at a given bulk concentra-
tion), this procedure gives the stable (absolute minimum
of the free energy) and metastable (relative minimum
of the free energy) parts of the isotherm. The unsta-
ble (maximum of the free energy) part is found using
a similar procedure but now fixing the concentration of
the layer that undergoes the transition and calculating
the remaining concentrations including the bulk one by
iteration.

B. Mean-field kinetics

In order to describe the kinetics of either segregation
in an A.B;_. alloy or dissolution of an A deposit into
a B substrate we use a simple one-dimensional model
consistent with the equilibrium model. This kinetics ex-
tension of the TBIM [the KTBIM (Refs. 13 and 22)] also
assumes homogeneous concentration per plane parallel to
the surface and ensures that the steady state concentra-
tion profile corresponds to the equilibrium profile given
by Eq. (7). The time dependency of the mean concen-
tration c¢;(t) is calculated as a detailed balance between
incoming and outcoming fluxes:3°

% = 2 [(1 - Ci){"/i—1ci—1 + Ci;l }

ot d?

—eaf - Ci+1)}}» (9)

where D = Dg exp(—Q/kT) is the bulk diffusion constant
and d the interplanar distance. «; represents the transi-
tion probability for an exchange between an A atom in
plane ¢ and a B atom in plane 7 + 1 and it is related to
the instantaneous segregation energies:

AH;(t) — AHi+1(t)). 10)

The dynamics of the system is found by iterating the
system of Eqs. (9) using a constant time step algorithm.
A large number of equations (approximately N = 5000)
is needed in order to get a dynamics independent of the
system size.3! For the kinetics of segregation we use the
initial conditions ¢;(0) = ¢,7 = 0, N and the boundary
condition cy41(t) = c. For the dissolution kinetics we
use co(0) = 1;¢;(0) = 0,2 =1, N, and cy41(t) = 0.

It is interesting to note that the system of Egs. (9) is
equivalent to the discrete classical Fick’s equation when

the transition probabilities ~; tends to 1:

30,’ 1
ot %(Ci-fl +ci1 — 2¢;), (11)

where tq = d?/D. This condition can be fulfilled exactly
when all the energetic parameters are neglected and ap-
proximately when the concentration is weak ¢; < 1.

C. Monte Carlo statics

The Monte Carlo method was also used in conjunction
with the energetics provided by the TBIM to study the
equilibrium alloy segregation profile and the segregation
and dissolution kinetics beyond the mean-field approx-
imation. The calculations were performed in a system
box of [ x I x m fcc unit cells with the largest side (m)
oriented along the [111] direction. Periodic boundary
conditions were always used in the (111) plane but dif-
ferent boundary conditions were used on the two surfaces
along the [111] direction regarding the type of calculation
performed.

For equilibrium the standard Metropolis algorithm for
Monte Carlo calculations was used.3? Starting from an ar-
bitrary configuration new system configurations were ac-
cepted or rejected according to the thermodynamic prob-
ability of their occurrency. The algorithm consists on the
repetition of the following steps:

(i) Choose randomly a minority atom.

(ii) Choose randomly another atom in the system box.

(iii) If the second chosen atom is a majority one, cal-
culate the initial Eju;. and final (after exchange) Egpal
total energies from Eq. (1).

(iv) Accept the exchange if a random number 7¢(0, 1)
is less than exp{(FEinit. — Efina1)/kT'}.

Two different types of equilibrium properties were
studied at a given temperature 7: the bulk solubility
limit ¢4 (T) and the equilibrium segregation profile c;(c)
for bulk concentrations ¢ in the solid solution region of
the phase diagram.

In the first case, a closed system of typically | = 20,
m = 100 was used and the initial configuration is formed
by 50 contiguous (111) planes of A and 50 B ones. The
system is then equilibrated until a 1 —c¢,/c, interphase is
stabilized: ¢, is then calculated from the core planes on
either side of the interphase. In order to simulate an infi-
nite system, the boundary condition in the [111] direction
is imposed by the following procedure: for sites in the top
and bottom layers the number of A and B neighbors in
the boundary planes outside the systems are computed at
random according to tentative bulk concentrations ciop
and Chottom- For example, a site in the bottom plane
(the one in the c, side of the interphase) has a proba-
bility (1 — cbottom)zl to have no neighboring A atoms, a
probability Z’'cpottom (1 — cbotmm)z '~1 {0 have one neigh-
boring A atom, etc. For consistency the top and bottom
tentative concentrations are periodically updated during
the simulation to the values of the lately calculated 1—c,
and c,, respectively.
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To study the equilibrium segregation profile we also
consider a closed system of the same size, but in the
[111] direction a free (111) surface is considered in one
side while a bottom layer in contact with the bulk and
handled as above is taken in the opposite side. For a
given number of A atoms the system is set to evolve until
thermalization, the surface planes and bulk (arising from
the layers close to the bottom side) concentrations are
then calculated as temporal averages. Care is taken not
to exceed the bulk solubility limit.

D. Monte Carlo kinetics

The kinetics algorithm differs from the equilibrium one
because the exchange is performed only between first
neighboring atoms. In addition, the study of the Monte
Carlo kinetics presents two additional complications: the
first one is to impose the boundary condition when the
system is allowed to change the number of minority atoms
and the second is the more general problem about the
definition of the time scale in kinetic Monte Carlo simu-
lations.

Regarding the boundary condition, the number of
atoms in the bottom plane is fixed to the corresponding
bulk concentration: /%c in segregation and 0 in dissolu-
tion. In the first case, we also calculate the number of A
neighbors in the boundary plane below the bottom plane
using the same procedure as described for the equilibrium
calculations.

In kinetic Monte Carlo simulations “time” is very of-
ten measured in “Monte Carlo steps per atom,” i.e., the
“time” after M attemptsis (M) = M/N where N = [>m
is the total number of sites. If one chooses only minority
atoms the “Monte Carlo steps per minority atom” and
“Monte Carlo steps per atom” are related by the mean
concentration Ngq/N where N4 is the number of minor-
ity atoms. In our case an additional problem exists due
to the nonconstant number of minority atoms during the
kinetics. In this case the time in units of “Monte Carlo
steps per minority atom” after M attempts is defined by

(12)

where N4 (7) is the number of minority atoms in the ith
attempt.

The initial condition simulates the experimental start-
ing condition: in segregation kinetics we place at random
in each plane the number of minority atoms (I2¢) that
ensures the homogeneous bulk concentration c¢. In dis-
solution we begin with a full surface of A atoms placed
over a substrate of B atoms. We typically use a sys-
tem of lengths / = 20 and m = 1000 in segregation and
dissolution kinetics.

The master equation that describes the kinetics con-
sidered above reduces to the 3D random walk equation
dynamics in the very dilute case. If one considers now
plane averages (f;) of the site probability, one gets the
1D Fick’s equation:

1915

af; z'

_=Pcane—"“"— A i—1 — i)y
87_ h, gZ+2Z' (f+1+f 1 2f)

(13)
where 7 is the Monte Carlo time in units of Monte Carlo
steps per minority atom and Pchange is the probability
of accepting an exchange between an atom A and a B
one in the very dilute limit, Pchange = 1 if Metropolis
dynamics is used and Pchange = 3 if Glauber dynamics3?
is used. The comparison between Egs. (11) and (13) gives
a relation between Monte Carlo time and real time:

Z’

t= Pchange mtOT-

(14)
This “fortunate” relation is possible thanks to the low
solubility limit that enables us to linearize both the KT-
BIM equations and the Master equation governing the
Monte Carlo simulation and also because in this system
the kinetics is controlled by bulk diffusion.

For the Ag.Cu;_. system and the (111) face the fol-
lowing values were used!” for the mentioned energetic
quantities: AH§?® = —0.25 eV, AT = —0.11 eV,
AHjz = Ah$® = 0, and V = —0.032 eV. Also the pref-
actor and activation energy for diffusion were taken from
Ref. 20: Dy = 0.63 cm?/s and Q = 2.02 eV/atom. Fi-
nally, for the (111) orientation, Z = 6 and Z' = 3.

III. RESULTS
A. Equilibrium surface segregation

The Cu-Ag system is one with a strong tendency to
phase separation, as can be seen by the value of the ef-
fective pair interaction V calculated from the formation
enthalpy AH = —(Z + 2Z')Ve(1 — ¢). It gives for ex-
ample a Monte Carlo solubility limit at T = 1000 K of
o ~ 0.012. Regarding the surface segregation in the
copper rich region, the three energetic parameters segre-
gate the silver atoms: the negative value of the effective
interaction segregates the bulk minority atom, the size
effect leads the bigger silver atom to segregate, and the
surface tension effect also segregates the Ag atoms due
to their lower surface energy. The effect of these three
factors is responsible for the layering transitions observed
experimentally'4 1€ and theoretically'”!? in this system.
Roughly speaking, the inclusion of the effective interac-
tion in the segregation enthalpy AH; gives an i-plane
concentration dependency responsible for the phase tran-
sition, while the constant terms AHg?® and AhEE place
the layering transition at a bulk concentration within the
solid solution region at this temperature.3* Using mean-
field equations the solubility limit can be found approxi-
mately:

(Z +22')V } 1)

ca(T) ~ exp{ T

and the critical bulk concentration for the first surface
phase transition (the surface concentration going from an
almost Cu concentration to an almost Ag concentration)
can be also calculated:®
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o AHZ™ + AW — Z'Vo + (Z + 22"V
C; >~ exp T

size eff _ 1
:cmexp{AH0 +kA1’110 ZVO}. (16)

This first order layering transition occurs if the temper-
ature T is smaller than T = —ZV,/2k ~ 1678 K. A
second first order layering transition (the subsurface con-
centration going from an almost Cu concentration to an
almost Ag concentration) occurs at a critical bulk con-
centration given by

. Z'Vo+ (Z + Z')WV Z'(Vo—V)
C; = exp kT = Cq €XP k—T— 5

(17)

if the temperature is lower than T} = —ZV/2k ~ 1119
K.

We illustrate this in Fig. 1, where we show the sum
of the mean-field surface and subsurface concentrations
co + ¢1 as a function of the bulk concentration ¢ for five
different temperatures. As mentioned above at 2000 K
(T > T? > T} ) the segregation isotherm does not show
van der Waal’s loop and hence no first order layering
transitions are present. At 1500 K and 1200 K, in the
temperature region 1119 K ~ T}! < T < T ~ 1678 K,
only one van der Waal’s loop appears in the lower part of
the isotherm corresponding to the surface layering transi-
tion. Finally, at 1000 K and 800 K when T < T}! ~ 1119
K, there are two van der Waal’s loops, the first one in
the lower part of the isotherm that occurs at lower bulk
concentration corresponds to the transition of the surface
layer and the other one in the higher part of the isotherm
and occurring at higher bulk concentration corresponds
to the first subsurface layering transition.

+
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FIG. 1. Mean-field (lines) and Monte Carlo (points) equi-
librium segregation isotherms. Sum of the surface co and
subsurface c¢; concentrations versus bulk concentration in log-
arithmic scale at different temperatures.
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In this figure we also show the Monte Carlo results
for the same five temperatures. We see a general good
agreement between the mean-field and Monte Carlo seg-
regation isotherms, but in Monte Carlo the limiting tem-
peratures TP and T} are lower. The new maximum crit-
ical temperatures for the first order layering transitions
to happen can be estimated taking into account that the
maximum critical temperature for the phase separation
of a two-dimensional triangular lattice is lower in Monte
Carlo than in mean field by a factor of 0.6068;3% it gives
T? ~ 1018 K and T} ~ 679 K. It is also interesting
to note that the Monte Carlo layering transitions occur
at the same bulk concentration than in the mean-field
model, suggesting that Eqgs. (16) and (17) are also ap-
plicables in Monte Carlo. The reason for that is the low
bulk concentration that assures that the mean-field ap-
proximation is reasonably good.

B. Kinetics of dissolution

Figure 2 shows the dependency of the surface concen-
tration c¢o on the square root of time during the kinetics
of dissolution of one Ag monolayer on a Cu substrate at
T = 1000 K for the mean-field and Monte Carlo models,
where the relation between Monte Carlo and mean-field
times given by Eq. (14) with Pchange = 1 (Metropolis
dynamics) was used.

There is a remarkable difference between both kinds
of descriptions. The mean-field kinetics shows essentially
two different regions, the first one with co up to 0.6 being
slower and then a speed up of the dissolution. The Monte
Carlo kinetics, however, shows a linear behavior, that is
a constant dissolution rate in square root of time, that
was experimentally observed in this system using Auger
spectroscopy.Z!

It shows a clear limitation of the mean-field models
that are currently used to study equilibrium and kinetics
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0.2

FIG. 2. Dissolution kinetics, co vs 4/t/to at T=1000 K.
Comparison between mean field (solid line) and Monte Carlo
(dotted line).



of surface segregation even if they have the main ener-
getic ingredients.

A linear growth of the surface concentration with the
square root of time is known to happen experimentally
during segregation kinetics36:37 in case of strong segrega-
tion. Theoretically it can be found as a solution of the
Fick’s equation when the subsurface concentration (cs)
is kept constant during the segregation dynamics:

co(t) = colt = 0) + 2(c — css),/;r%, (18)

or in the more complete multilayer models of segregation
kinetics when the segregation enthalpy is high.%13! In
the later case the condition of constant subsurface con-
centration during the kinetics does not need to be im-
posed artificially because even when cg(t) is not con-
stant, it remains very small and then its variation in time
is also negligible with respect to the bulk concentration
c.

The same argument can be used to predict a linear
decrease of co with /% if the bulk concentration in Eq.
(18) is lower than cs(t). During dissolution ¢ = 0 and
then a square root behavior is expected if cgs remains
constant.

It makes us pay attention to the subsurface concen-
trations ¢; and c, that are shown in Fig. 3 in function
of v/t. Once again the mean-field and Monte Carlo mod-
els show different kinetic behaviors, especially the second
subsurface concentration c; that is constant in Monte
Carlo but shows a time dependency in mean field, ex-
plaining the observed difference in co(t). It also suggests
the identification of ¢, as the subsurface concentration in
Eq. (18), the more complicated behavior of ¢; in mean
field and its linear decrease in Monte Carlo being related
to the companion transition!®22:38:39 (see below). Using
the constant value of c; ~ 0.001 as ¢y in Eq. (18) and the
transformation of Monte Carlo to real time given by Eq.
(13) we find the correct slope for the Monte Carlo ¢y ver-
sus v/t in Fig. 2. In mean field the mentioned slower and
faster regions in the ¢ vs V't curve that correspond to c;

FIG. 3.

Dissolution kinetics, ¢1 and cz vs
T=1000 K. Comparison between mean field (solid lines) and
Monte Carlo (dotted lines).

\/t/to at
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smaller and larger than 0.001, respectively, almost com-
pensate and the total dissolution time for the mean-field
kinetics can also be estimated by Eq. (18).

We can understand the different behavior of ¢y and
c2 in Monte Carlo and mean field by means of the local
equilibrium concept!3:3940 that relates the kinetics with
the equilibrium surface segregation isotherms.

C. Local equilibrium

As we have already mentioned in Sec. IIT A there is a
strong silver segregation energy that concludes in a high
transition probability of exchanging atoms between the
surface and subsurface layers. The near surface kinetics
is expected to be faster than the bulk kinetics, suggesting
that even when the overall profile is far from equilibrium
the instantaneous relation between the surface and sub-
surface concentrations is not different from the one cal-
culated in equilibrium. We can then compare, for exam-
ple, the relation co(cz) obtained by eliminating the time
in co(t) and cy(t) during the kinetics with the relation
co(c2) obtained by eliminating the bulk concentration in
the equilibrium isotherm co(c) and cz(c).

In Fig. 4(b), we show this comparison at T' = 1000 K
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FIG. 4. Mean-field local equilibrium at T=1000 K, (a) co vs
c1 and (b) co vs c2'(see the horizontal logarithmic scale). Seg-
regation at c=1% (solid line), segregation at ¢=0.25% (dotted
line), dissolution (dashed line), and equilibrium (circles). The
inset in (a) shows the equilibrium ¢o vs c; in a linear horizon-
tal scale and the vertical line in (b) shows the position of the
first order transition found using the Monte Carlo model.
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using the mean-field model: the equilibrium isotherm
shows the first order transition mentioned in Sec. III A.
As suggested, during the dissolution the cq(c2) curve fol-
lows the equilibrium one, including the metastable and
unstable parts of the equilibrium isotherm. Taken into
account that co is monotonous with v/% it is easy to rec-
ognize in Fig. 3 the van der Waal’s loop that causes c; to
have two relative maxima and one minimum as a function
of V1.

Figure 5(b) shows the local equilibrium now using the
Monte Carlo model. The first order transition is also
present but without a van der Waal’s loop. The transi-
tion happens at the same value (in cz) than in the mean-
field calculation as we have marked in Fig. 4(b). We
see that now also during the dissolution the co(c2) curve
follows the equilibrium one and the absence of van der
Waal’s loop in this case explains the constant value of c,
seen in Fig. 3.

A similar procedure can be done in order to correlate
the surface co and first subsurface c; concentration that
we show in Figs. 4(a) and 5(a) for the mean-field and
Monte Carlo cases, respectively. The local equilibrium
concept is also well verified but the equilibrium isotherm
is slightly more complicated due to the existence of a
companion transition. It is a small jump of ¢; (from
0.0006 to 0.014 in mean field) when ¢ undergoes its first
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FIG. 5. Monte Carlo local equilibrium at 7'=1000 K, (a)
co vs ¢ and (b) co vs c2 (see the horizontal logarithmic
scale). Segregation at c=1% (solid line), segregation at
¢=0.25% (dotted line), dissolution (dashed line), and equi-
librium (points). The inset in (a) shows the equilibrium co vs
c; in a linear horizontal scale.

order transition. The mean field ¢y vs ¢; curve is then
the composition of two van der Waal’s loops that has the
effect to finally get a monotonous but not simple ¢g vs
cy curve. The kinetic behavior of ¢; presented in Fig. 3
is the consequence of that. In Monte Carlo there also
exists the companion transition but no van der Waal’s
loop is present. In this case ¢y growths linearly with ¢;
inside the transition [see the inset of Fig. 5(a)], which is
consistent with the linear decrease of ¢; with /¢ in Fig.
3.

D. Kinetics of surface segregation

Figure 6 shows the kinetics of segregation at ¢ = 1%
and T = 1000 K for the mean-field and Monte Carlo
kinetics. We have found in this case that both models
show an almost linear dependency in v/t slightly more
exact in Monte Carlo than in mean field. It also agrees
with the experimental observation in Cu-Ag for the (111)
surface.?! As mentioned in Sec. III B this behavior is re-
lated with the existence of a constant subsurface concen-
tration and then a constant cy(t) is expected during the
increase of cg.

Figure 7 shows the first and second subsurface concen-
trations. After the initial fast transient regime we see
that the Monte Carlo c; presents a small drift to lower
values until /t/to ~ 50 and the mean field c; shows a

slightly bigger drift now up to \/t/to ~ 100. However,
in both cases the variation of the second subsurface con-
centration Acy ~ 0.0015 is small when compared to the
bulk concentration ¢ = 0.01.

We can wonder if the local equilibrium is also satis-
fied in this case. Figure 4(b) shows that this is the case
when the mean-field model is used. It also explains the
drift observed in Fig. 7 since c; shows a monotonous de-
crease while cq grows up to 0.8 due to the van der Waal’s
loop. In Monte Carlo the local equilibrium is also well
verified as shown in Fig. 5(b). The decrease of c; while
co increases up to 0.4 suggests a slower approach to the
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FIG. 6. Segregation kinetics, co vs 4/t/to at T=1000 K
and ¢=1%. Comparison between mean field (solid line) and
Monte Carlo (dotted line).
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FIG. 7. Segregation kinetics, ¢ and cz vs /t/to at
T=1000 K and c=1%. Comparison between mean field (solid
lines) and Monte Carlo (dotted lines). The inset shows a
larger time scale.
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FIG. 8. Schematic concentration profile in (a) equilibrium,
(b) dissolution kinetics, and (c) segregation kinetics.
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T=1000 K and ¢=0.25%.
(solid lines) and Monte Carlo (dotted lines).
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FIG. 9. Segregation kinetics, co vs 1/t/to at T=1000 K
and ¢=0.25%. Comparison between mean field (solid line)
and Monte Carlo (dotted line).

equilibrium isotherm during segregation kinetics than in
dissolution.

The local equilibrium is better verified in dissolution
than in segregation also when the mean field model is
used (see Fig. 4). It can be understood by comparing the
schematic concentration profiles in equilibrium, and dur-
ing dissolution and segregation kinetics, that we show in
Fig. 8. The equilibrium profile is a monotonous decreas-
ing function with respect to the surface distance and the
same behavior is expected for the instantaneous profile
during dissolution in order to have a net flux going into
the bulk. In segregation kinetics, not only the instan-
taneous profile is not monotonous but also as the flux is
directed to the surface an increasing profile in function of
the surface distance is expected beginning at the second
subsurface layer.

A mean-field and Monte Carlo difference similar to the
one seen during dissolution can also be illustrated in seg-
regation by choosing a smaller bulk concentration in or-
der to make relevant the variation of co with respect to
c. Figure 9 shows the surface concentration during seg-
regation kinetics at ¢ = 0.0025; it increases linearly in
v/t in Monte Carlo but not in mean field. In Fig. 10
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FIG. 10. Segregation kinetics, c; and cz vs 4/t/to at

Comparison between mean field
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we see that this difference is correlated to the invariance
of the second subsurface concentration in the first case
and the bigger variation of ¢, relative to ¢ in the second
one. Figures 4 and 5 show that the local equilibrium is
once again satisfied. Also the lower the bulk concentra-
tion, the slower the kinetics and in consequence the local
equilibrium is even better satisfied.

The linear dependency of the Monte Carlo ¢; in v/t
that can be seen after the initial transient and during
the linear increase of ¢o in Figs. 7 and 10 is also a con-
sequence of the local equilibrium and the linear depen-
dence between ¢y and c¢; inside the transition due to the
already mentioned companion transition. The inset in
Fig. 7 shows the way c; reaches the equilibrium. We see
in Fig. 1 that at ¢ = 1% and T = 1000 K the equilibrium
¢y is very close to 1 and that there is also a first order
layering transition involving c¢; in mean field but not in
Monte Carlo. However, there is no linear dependency
of ¢, on the square root of time: in both cases because
the variation of c3 while ¢; growths is comparable to the
bulk concentration c. At ¢ = 0.25% the equilibrium c; is
close to 0.05, no first order transitions happens and the
segregation equilibrium is slowly reached.

IV. DISCUSSION AND CONCLUSION

In this paper, we have studied the kinetics of segrega-
tion in Cu-Ag alloys and the kinetics of dissolution of one
Ag monolayer deposited on Cu(111). We find that using
the kinetic Monte Carlo model the experimental square
root dependency with time of the surface concentration
is found for the segregation and dissolution kinetics. We
have also shown that the homogeneous mean-field cal-
culations cannot take into account correctly these phe-
nomena: the surface concentration during the kinetics
of segregation and dissolution cannot present the experi-
mentally observed square root dependency on time. The
reason is that during the mean-field kinetics the second
subsurface concentration follows a van der Waal’s loop
in function of time instead of remaining constant as in
Monte Carlo. However, the importance of this variation
in ¢y in segregation kinetics is relatively diminished at
higher bulk concentration (when Ac; <« ¢ — ¢z) but in
dissolution kinetics it is never the case because the bulk
concentration is zero and Acz =~ c3.

The local equilibrium concept allowed us to understand

FIG. 11. Snapshot of the surface microstructure during
Monte Carlo dissolution kinetics at 7=1000 K. White points
represent Ag atoms and black points represent Cu atoms. For
sake of clarity four surface cells are shown.

that the constant value of c; in Monte Carlo corresponds
to the one at which a first order layering transition oc-
curs. During the segregation and dissolution kinetics the
surface concentration cy drops into the surface phase sep-
aration region (0.05 < ¢o < 0.95) and regions of high and
low surface concentrations are expected. It suggests that
a rich behavior of island growth or coarsening can be
expected as a consequence of the first order transition.
Figure 11 shows a snapshot of the surface microstruc-
ture at the end of the dissolution kinetics (co ~ 0.2) and
T = 1000 K. Isolated silver atoms and islands are both
present representing the low and high surface concentra-
tion phases. The presence of Ag islands has been recently
observed experimentally by Auger line scans during the
transition.!'® One can wonder what is the local environ-
ment of the surface atoms that preferentially enter into
the bulk. Energetically isolated atoms have a priori a
bigger probability to enter than island border atoms and
the last ones a bigger probability than the ones at the
island center. Calculations to quantify this effect and its
relation with island growth or coarsening are currently
in progress.
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FIG. 11. Snapshot of the surface microstructure during
Monte Carlo dissolution kinetics at T=1000 K. White points
represent Ag atoms and black points represent Cu atoms. For
sake of clarity four surface cells are shown.



