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Ordering and metastable state during the growth of fcc alloy monolayers

Hongting Shi and Jun Ni
Department of Physics, Tsinghua University, Beijing 100084, China

~Received 8 October 2001; published 8 March 2002!

The kinetics of ordering in fcc alloys during the growth of a~001! monolayer is investigated by the kinetic
mean-field method. The evolution of the structure parameters is calculated. There is a transient ordered state
during the growth process and its occurrence depends on the ratio of the atomic exchange rate to the evapo-
ration rate. The growth process displays two stages of evolution. The first stage is the formation of a metastable
ordered state whose lifetime increases exponentially with the decrease of the temperature. The second stage is
the evolution from the metastable ordered state to the equilibrium ordered state. The stoichiometric concen-
trations of the metastable ordered state is found to be different from the equilibrium one. The influence of the
two characteristic times related to the adsorption and the atomic migration on the kinetics of the growth is
analyzed.
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I. INTRODUCTION

Epitaxial growth has been used with layer-by-layer co
trol over growth of materials. It is found that III-V semicon
ductor alloys exhibit long-range order1–5 when grown by the
epitaxial method despite the fact that the bulk phase diag
predicts phase separation at growth temperature. Epita
metal alloy shows various ordering behavior.6,7 The amount
of long-range order and its presence depend sensitively
the growth conditions. Saito and Mu¨ler-Krumbhaar8 used a
kinetic mean-field theory in pair approximation to discu
the crystal growth. Venkatasubramanian9 developed the ki-
netic mean-field model to treat the growth of an alloy w
short-range order. Smith and Zangwill10 used the kinetic
mean field to study the interplay between compositional
dering and surface roughening during the epitaxial growth
a binary alloy. The Monte Carlo method has also been u
to simulate the growth of phase separating alloys11,12 and
ordering alloys13,14 on the morphology and the scaling b
havior of the system.

The epitaxial growth of alloys is a nonequilibrium proce
controlled by various relaxation processes such as the su
diffusion, adsorption, and evaporation. It was shown t
transient ordered states can be formed in various syst
during the relaxation of a nonequilibrium state to the eq
librium state.15–18 The occurrence of these transient order
states is due to the multiple characteristic times during
relaxation process. When the evolution of the system is c
trolled by the multiple relaxation rates, the system can fi
reach a kind of transient state through the kinetics proc
with faster relaxation rate. This transient state is a rela
stable state. As other relaxation processes become functi
the system gradually relaxes to the equilibrium state. In
kinetics of ordering in alloys, there are multiple character
tic times for the atomic migration that control the relaxati
of different atomic species, which leads to transient states
its relaxation path to the final equilibrium phase.17,18 For ep-
itaxial growth, in addition to the diffusion process, there a
other two relaxation processes: i.e., the adsorption
evaporation process. This can result in transient and m
stable states in the growth process due to multiple relaxa
times.
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In this paper, we study the kinetics of ordering in allo
during a monolayer growth. The evolution of the concent
tions and order parameters during the growth is calcula
We will show that there are transient and metastable orde
states in the system during the growth. The influence of
growth parameters on the kinetic process is discussed.

In Sec. II we describe the methods. Section III prese
the results of the kinetics of ordering during the grow
Section IV is the conclusions.

II. METHODS

We consider the growth layer of an fcc alloy in the~001!
direction. The system consists of three components: two s
cies ofA andB atoms and vacancy~V! on the growth layer.
The surface of an fcc alloy is a square lattice as shown
Fig. 1. To describe the ordering of the system with neare
neighbor and next-nearest-neighbor interactions, we div
the lattice into four sublattices. In the mean-field approxim
tion, the configurations of the system are described by
site probabilities. Pi

s is the probability occupied byi
(5A,B,V) species ins~a,b,g,d! sublattices on the growth
layer at timet. HerePi

s satisfies the normalization conditio
( i 5A,B,VPi

s(t)51. We consider the nearest-neighbor a
next-nearest-neighbor interactions of atoms in the gro
process. Then the atoms in the growth layer have the in
actions with the first two layers of the substrate. The grow

FIG. 1. Four square sublatticesa, b, g, and d for the ~001!
codeposition layer.
©2002 The American Physical Society22-1
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HONGTING SHI AND JUN NI PHYSICAL REVIEW B65 115422
process comprises the three relaxation processes such a
surface diffusion, adsorption, and evaporation processes8 In
the following, we will describe the calculation of these thr
processes.

A. Atomic diffusion process

We assume that surface atoms migrate by means of
surface diffusion whereby anA or B atom jumps to an empty
nearest-neighbor adsorption site. We use the microma
equation method18–20 to describe the atomic diffusion pro
cess. We can define the basic exchange probability func

Yi j
ss8(t). It represents the exchange probability betweeni spe-

cies on sublattices and j species on sublattices8 ~one of
them is a vacancyV) in unit time. We consider only the

nearest-neighbor exchanges. There are 16 varieties ofYi j
ss8 .

We takeYi j
ag as an example to show the evaluation ofYi j

ss8 .
HereYi j

ag is proportional to the characteristic exchange r
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n i j , the energy barrier factor exp(2bUij), the site probabili-
ties Pi

a and Pi
g , and the bond broken factor for the atom

vacancy exchangewi j
ag . ThenYi j

ag is given by

Yi j
ag5Pi

aPj
gwi j

agn i j expS Ui j

kBTD , ~1!

whereUi j 5U01DEi j /2 is the energy barrier for the atom
vacancy exchange.U0 is the average barrier height for th
atomic interchange.DEi j is the energy difference for the
atom-vacancy interchange. Each basic atom-vacancy
change is affected by the interactions with the species on
neighboring 18 sites if we consider only nearest-neigh
and next-nearest-neighbor interactions. There is an fa
exp(2DEij /2kBT) due to the influence of the neighborin
species on the exchange. The bond broken factorwi j

ag is
given by
wi j
ag5F(

k
Pk

bexpS 21

2kBT
~Ejk

(2)2Eik
(2)! D G2F(

k
Pk

dexpS 21

2kBT
~Eik

(2)2Ejk
(2)! D G2F(

k
Pk

gexpS 21

2kBT
~Ejk

(1)2Eik
(1)! D G

3F(
k

Pk
aexpS 21

2kBT
~Eik

(1)2Ejk
(1)! D GF(

k
Pk

dexpS 21

2kBT
~Ejk

(1)2Eik
(1)! DexpS 21

2kBT
~Eik

(2)2Ejk
(2)! D G2

3F(
k

Pk
bexpS 21

2kBT
~Eik

(1)2Ejk
(1)! DexpS 21

2kBT
~Ejk

(2)2Eik
(2)! D G2F(

k
Pk

(1)aexpS 21

2kBT
~Ejk

(1)2Eik
(1)! D G

3F(
k

Pk
(1)dexpS 21

2kBT
~Ejk

(1)2Eik
(1)! D GF(

k
Pk

(1)aexpS 21

2kBT
~Eik

(1)2Ejk
(1)! D GF(

k
Pk

(1)dexpS 21

2kBT
~Eik

(1)2Ejk
(1)! D G

3F(
k

Pk
(2)aexpS 21

2kBT
~Ejk

(2)2Eik
(2)! D GF(

k
Pk

(2)gexpS 21

2kBT
~Eik

(2)2Ejk
(2)! D G , ~2!
e of
ith
o be
ken
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where Ei j
(k) (k51,2 for the first- and second-neares

neighbors, respectively! is the pair interaction energy be
tween thei and j atoms.Pk

( i )s represents the site probabilit
of k species in the sublattices on the substrate layeri ( i
51,2). They are constant in the growth process. We can

otherwi j
ss8 similarly.

B. Evaporation

We defineZi
s(t) as the evaporation probability per un

time of thei species from thes sublattice at timet. HereZi
s

is proportional to the characteristic evaporation ratewi , the
site probability Pi

s of the evaporation atom, the chemic
potential factor exp(2mi /kBT) (mi is the chemical potential o
the i species!, and the bond broken factor for the evaporati
Vi

s . Zi
s is given as follows:

Zi
s~ t !52wiVi

sPi
s expS 2m i

kBT D . ~3!
et

The negative sign means that it contributes to the decreas
Pi

s . The evaporation atoms have binding interactions w
the neighboring atoms and these binding energies need t
overcome for the evaporation. This leads to the bond bro
factor for the evaporationVi

s which is given as

Vi
a5F(

k
Pk

bexpS Eik
(2)

kBTD G4F(
k

Pk
gexpS Eik

(1)

kBTD G2

3F(
k

Pk
dexpS Eik

(1)

kBTD G2F)
n

(
k

Pk
(1)nexpS Eik

(1)

kBTD G
3F(

k
Pk

(2)aexpS Eik
(2)

kBTD G . ~4!

Vi
b , Vi

g , andVi
d can be calculated similarly.

C. Adsorption

We defineXi
s(t) as the adsorption probability per un

time of thei species on thes sublattice at timet. HereXi
s is
2-2
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proportional to the characteristic adsorption ratewi8 , the
chemical potential factor exp(mi /kBT), and the vacancy prob
ability PV

s :

Xi
s5wi8PV

s expS m i

kBTD . ~5!

In this form of the adsorption probability, the characteris
adsorption ratewi8 is equal to the characteristic evaporati
rate wi due to the detailed balance condition between
evaporation and the adsorption.

D. Kinetic equations

From the above analysis, we can get the following diff
ential equations describing the kinetics of growth by inclu
ing all the three contributions from the atom-vacancy e
change, evaporation, and adsorption processes:

d

dt
Pi

a52@YVi
ag2YiV

ag#12@YVi
ad2YiV

ad#1Zi
a1Xi

a ,

d

dt
Pi

b52@YVi
bg2YiV

bg#12@YVi
bd2YiV

bd#1Zi
b1Xi

b ,

d

dt
Pi

g52@YiV
ag2YVi

ag#12@YiV
bg2YVi

bg#1Zi
g1Xi

g ,

d

dt
Pi

d52@YiV
ad2YVi

ad#12@YiV
bd2YVi

bd#1Zi
d1Xi

d . ~6!

The growth process is described by the concentrations o
atomic species and the order parameters. The atomic
figurations is determined by the occupation probabilityPi

s of
i species (i 5A,B,V) in the sublattices. The symmetry of the
atomic configurations of the phases are generally descr
by the following independent order parameters related to
site probabilityPi

s :

g1
i 5Pi

a1Pi
b2Pi

g2Pi
d ,

g2
i 5Pi

a2Pi
b ,

g3
i 5Pi

g2Pn
d ~7!

where i 5A and B. The order parameterg1
i indicates the

atomic configuration between the nearest-neighbor site
speciesi. Similarly, other order parametersg2

i andg3
i show

the atomic configurations between the second-near
neighbor sites. The values of these parameters define
following phases with different symmetry:~1! disordered
phase:gk

i 50; ~2! O1 : g1
i Þ0, g2

i 5g3
i 50; ~3! O2 : g1

i 50,
g2

i Þ0, g3
i Þ0. The concentrations are related to the s

probability Pi
s as follows:

Ci5
1

4
~Pi

a1Pi
b1Pi

g1Pi
d!. ~8!

The coverage of the layer is the sum of the concentration
the atomic species. The differential equations are solved
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merically by the Runge-Kutta method. Initially the growth
empty. The growth process is described by the evolution
the concentrations and the order parameters governed b
above differential equations.

III. RESULTS

In our calculations, we consider the first- and secon
nearest-neighbor interactions. Only the first two layers of
substrate have an influence on the growth process. The
figurations of the substrate are fixed. During the growth,
temperatureT and the chemical potentials which control th
concentrations of the atomic species are kept constant.t
50, the coverage of the two atomic species is zero. We h
calculated the kinetics of ordering during the growth with t
variation of the growth parameters. For the ordering of
codeposition layer of fcc metal alloys and III-V semicondu
tor alloys, generally four sublattices are needed to desc
the ordered phases on the codeposition layer and there
two kinds of ordered phasesO1 andO2 described by the four
sublattices. Both first- and second-nearest-neighbor inte
tions should be considered for the formation of these orde
phases. For the codeposition layer of the metal alloys w
CuAu-like structure, the ordered phase isO1 which favors
the first-nearest neighbor bonds of different species. M
epitaxial III-V semiconductor alloys showingL11 ~CuPt-
like! superstructures,11 the structure of~001! codeposition
layer isO2 which favors the second-nearest-neighbor bon
of different species. In order to comprehend the kinetics
ordering during the growth process for the system with
ordered phasesO1 andO2, we have taken the energy param
eters exhibiting ordered phasesO1 andO2, respectively. The
types of kinetic path for the growth corresponding to t
ordered phasesO1 andO2 are calculated. In order to inves
tigate the effects of the kinetic parameters~such as tempera
ture and the characteristic times! on kinetics of the growth,
the evolutions of the structure with the variation of the k
netic parameters are calculated. For the ordered phaseO1,
the interaction energies are taken asEAB

(1)520.6, EAA
(1)

5EBB
(1)520.1, andEAB

(2)520.1, EAA
(2)5EBB

(2)520.6. For the
ordered phaseO2, the interaction energies are taken asEAB

(1)

520.1, EAA
(1)5EBB

(1)520.6, and EAB
(2)520.6, EAA

(2)5EBB
(2)

520.1. We takenAV5nBV and denotetD5nD
21[nAV . The

barrier energies are taken asVAC5VBC50.6.
Figure 2 shows the evolution of the concentrations a

the order parameters for the ordered phaseO1. The structure
of the substrate is taken as ordered one. Since the ato
interactions favor theAA andBB atom pairs of the second
nearest-neighbor between the second-nearest-neighb
layers, the order parameters of the growth layer have
same signs with those of the second layer of the substr
The structure of the first substrate layer has no influence
the ordered parameters of the growth layer because each
tice site of the growth layer has the first-nearest-neigh
interactions with the lattice sites of all the four sublattices
the first substrate layer. Therefore, the second-near
neighbor interactions determine the stacking structure al
the growth direction. Figure 3 shows the evolution of t
2-3



ha

r
y
th

ce

-
nis
th

f

tw

tic
cter-
urs

ter-
ate.
that
rger
the
m

te is
th

n a

rve
tic
ex-

the
ten-
ss.
ite
he
ption
wn

t

th
l

HONGTING SHI AND JUN NI PHYSICAL REVIEW B65 115422
concentrations and order parameters for the ordered p
O2. The atomic interactions favor theA andB atom pair of
the second-nearest-neighbor between the second-nea
neighboring layers. The order parameters of the growth la
have the opposite signs with those of the second layer of
substrate. From the figure, we can see that the kinetic pro
has the similar features as that for the ordered phaseO1.

A. Effects of the characteristic rates

The evolutions of the site probabilities ofA atoms on the
sublatticesg and d have fluctuation during the growth pro
cess. There is a peak in the evolution curves. The mecha
for the occurrence of the peak is as follows: Due to
ordering effect, there are migrations of theA atoms among
different sublattices. When there are moreA atoms jumping
from the sublatticesg andd to the sublatticesa andb thanA
atoms deposited onto the sublatticesg andd, the decrease o
the site probabilities ofA atoms on the sublatticesg and d
occurs. This phenomenon is due to the existence of the

FIG. 2. Evolution of the structure parameters during the grow
for the ordered phaseO1 at the temperaturekBT50.3 and the
chemical potentialsmA50.5 andmB50.25. HerewA /nD51/8 and
wB /nD51/16.~a! Curves for concentrations,~b! curves forg1

A , and
g2

A , andg3
A , and~c! curves forg1

B , g2
B , andg3

B .
11542
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different kinetic processes controlled by two characteris
rates: i.e., the characteristic exchange rate and the chara
istic adsorption rate. From our calculations, the peak occ
only within certain range of the ratio between the charac
istic exchange rate and the characteristic adsorption r
When the characteristic exchange rate is small enough
the adsorption rate of atoms on a sublattice is always la
than the migration rate of atoms, the site probabilities on
sublattice will always increase to approach the equilibriu
values. Otherwise, when the characteristic exchange ra
large, the atomic migrations are very fast during the grow
process and the configuration of the atoms is always i
relative equilibrium state in a certain timet. The site prob-
abilities in each sublattice in a certain timet describe such a
quasiequilibrium state and thus there is no peak in the cu
of the site probabilities for the case of large characteris
exchange rate. In a constant-temperature process, the
change rate and the adsorption rate are proportional to
exponential terms of the energy barrier and chemical po
tials. These terms are the controlling factors of the proce
The results show that the peak in the evolution of the s
probability occurs only when the difference between t
characteristic exchange rate and the characteristic adsor
rate is small. For the evolution of order parameters as sho

h

FIG. 3. Evolution of the structure parameters during the grow
for ordered phaseO2 at the temperaturekBT50.3 and the chemica
potentialsmA50.5 andmB50.25. HerewA /nD55/4 andwB /nD

55/8. ~a! Curves for concentrations,~b! curves forg1
A , g2

A , and
g3

A , and~c! curves forg1
B , g2

B andg3
B .
2-4
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ORDERING AND METASTABLE STATE DURING THE . . . PHYSICAL REVIEW B65 115422
in Figs. 2~b! and 2~c!, it can be seen that there is a transie
state in the growth process. The order parametergA changes
from zero to a maximum value and then the order param
changes from the maximum value to the equilibrium val
The peak of the order parametergA corresponds to those o
the site probabilities ofA atoms on the sublatticesg andd.

Figure 4 shows the evolution of the order parameters fo
smaller characteristic exchange rate. The other growth
rameters are taken to be same as those of Fig. 2 for com
son. As shown in Fig. 4, both the peak value and the eq
librium value of the order parametergA are smaller than
those of Fig. 2. When the atomic migration rate is slow,
atoms have less time to adjust their configuration. Since
concentration of vacancy decreases exponentially as
growth proceeds, the diffusion rates for the atomic specieA
andB become very small due to the low vacancy concen
tion in the late stage of the growth and the atomic confi
ration become frozen up. The system relaxes to a metas
state with smaller order parameters. In the next subsec
we will show that the system will relax to the equilibrium
state if the growth time is long enough, but the relaxat
time to the equilibrium ordered state increases exponent
with the decrease of the temperature.

FIG. 4. Evolution of the structure parameters during the grow
for the ordered phaseO1 at the temperaturekBT50.3 and the
chemical potentialsmA50.5 andmB50.25. HerewA /nD55/4 and
wB /nD55/8. ~a! Curves for concentrations,~b! curves forg1

A , g2
A ,

andg3
A , and~c! curves forg1

B , g2
B , andg3

B .
11542
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The concentrations of the atomic species on the gro
layer depend on the characteristic adsorption rate, chem
potentials, and growth temperature. Figure 5 shows the r
of the concentrations ofA atoms andB atoms for the meta-
stable state as a function of the ratio of two characteri
atomic evaporation rates at the temperaturekBT50.3. The
ratio of the two atomic concentrations for the metasta
state satisfies the following relation:

CA

CB
5

wA exp~mA /kBT!

wB exp~mB /kBT!
. ~9!

The dotted line is the numerical result which is in go
agreement with solid line for Eq.~9!. Equation~9! shows
that the relation between the concentrations of the specieA
andB is determined by the adsorption process. With the
crease of temperature, the effect of evaporation will be m
significant. Since the grown state is a metastable one, it
develop to the equilibrium state with the increase of t
growth time and the ratio between the two atomic concen
tions will approach to that for the equilibrium state.

B. Influence of temperature

We have investigated the evolution of the order para
eters and the concentrations during the growth process
the variation of temperature. The results for the tempera
kBT50.6 is shown in Fig. 6. For comparison, the other p
rameters except the temperature are taken to be sam
those in Fig. 2. As shown in Fig. 6, there are two stages
evolution in the growth process. In the first stage, the orde
phaseO1 has smaller order parameters. The kinetic proc
is similar with that in low temperature shown in Fig. 2. In th
second stage, the system relaxes to an ordered phase
higher long-range order. The site probabilities of theA atoms
on theg and d sublattices increase in the beginning of t
first stage and then settle to the steady values. In the se
stage of the growth process, the site probabilities of theA
atoms on theg andd sublattices decrease to the equilibriu
values while the site probabilities of theB atoms increase
This leads to an increase of the order parameters. The c
of concentrations also show corresponding variation. T

h

FIG. 5. The ratio of the concentrations of theA andB species as
a function of the ratio of the characteristic adsorption rates of thA
andB species. The numerical result is drawn as dot line and Eq.~9!
is drawn as solid line.
2-5
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HONGTING SHI AND JUN NI PHYSICAL REVIEW B65 115422
concentrations of the speciesA andB approach to the stead
values in the first stage of the growth process, which co
sponds to the plateau of the curves shown in Fig. 6~a!. The
ratio between the two atomic concentrations satisfies rela
~9!. The concentration of each atomic species readjust
reach the equilibrium values in the second stage of
growth process. The concentration of the speciesA decreases
after the plateau variation and the concentration ofB species
changes in an opposite way. The equilibrium concentrati
of A andB species can not be described by relation~9! be-
cause the equilibrium arises from a correlated effect
evaporation and adsorption. Now we make some analysi
the physical mechanism for this phenomenon. In the sec
stage, the coverage is almost full. The concentration of
cancy is very small and the atomic migration is slow. T
variation of the order parameters is due to the readjustm
of the atomic concentrations. With the increase of tempe
ture, the evaporation rate becomes larger and the effec
evaporation on the kinetic process of the system beco
significant, especially in the case of a low concentration
vacancies. Therefore, this phenomenon is mainly due to
high evaporation rate at high temperature. The evapora
depends on the characteristic evaporation rate, chemica
tentials, and bond broken factor. For the ordered phaseO1,
the pair interaction favors the nearest-neighbor pairs ofA and

FIG. 6. Evolution of the structure parameters during the grow
for the ordered phaseO1 at the temperaturekBT50.6 and the
chemical potentialsmA50.5 andmB50.25. HerewA /nD51/8 and
wB /nD51/16. ~a! Curves for concentrations,~b! curves forg1

A ,
g2

A , andg3
A , and~c! curves forg1

B , g2
B , andg3

B .
11542
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B atoms and second-nearest-neighbor pairs of the same k
of atoms. After the first stage of the growth process, there
moreA atoms on thea andb sublattices and moreB atoms
on theg andd sublattices. As a result, theA atoms on theg
andd sublattices are easier to evaporate than theB atoms due
to the smaller broken bond energy with theA atoms on thea
andb sublattices. This leads to a decrease of the concen
tion of A atoms and an increase of the concentration oB
atoms. As feedback,A atoms on thea andb sublattices are
more difficult to evaporate and the site probabilities ofA
atoms on thea and b sublattices increase. Therefore, th
order parameters increase in the second stage of the gr
process. In brief, the first stage of the growth process is
termined by the adsorption and atomic exchange proce
and the second stage of the growth process is controlled
the evaporation process. Figure 7 shows the evolution p
cess for the temperaturekBT50.9. In comparison with Fig.
6, the period of the first stage is reduced. Since the evap
tion effect is more significant, the period of the first sta
decreases with the increase of temperature. The order pa
eters of the ordered phase in the second stage of the gr
process decrease due to the entropy-induced disordering
can define the lifetime of the metastable ordered state
tm5tuCA5(Cm1Ce)/22tuCA5Cm/2 , where Cm is the maximal
concentration of the speciesA for the metastable ordere

h FIG. 7. Evolution of the structure parameters during the grow
for the ordered phaseO1 at the temperaturekBT50.9 and the
chemical potentialsmA50.5 andmB50.25. HerewA /nD51/8 and
wB /nD51/16. ~a! Curves for concentrations,~b! curves forg1

A ,
g2

A , andg3
A , and~c! curves forg1

B , g2
B , andg3

B .
2-6



bl
s

th
al

th
vo

o
em
m
rs

an

r
d

f t
o
re

th
f
r

ct
th
ct
tio
t

ti
ow
er
o

se of
inly
ge
ic

de-
wth
the
orp-

mic
apo-
ith
n is
tials

ram
No.
on

tio

th

ORDERING AND METASTABLE STATE DURING THE . . . PHYSICAL REVIEW B65 115422
state.Ce is the concentration of the speciesA for the equi-
librium state. Figure 8 shows the lifetime of the metasta
ordered state in the first stage of the growth process a
function of the reciprocal of temperature. It can be seen
the life time of the metastable ordered state is exponenti
proportional to the reciprocal of temperature.

C. Effect of chemical potentials

We have investigated the evolution of the system with
variation of the chemical potentials. Figure 9 shows the e
lution process for the chemical potentialsmA50.08 andmB
50.05 which are smaller than those of Fig. 7. In comparis
with Fig. 7, it can be seen that the time period for the syst
to enter into the first stage of the growth process beco
longer and the lasting time of the plateau region in the fi
stage is reduced. Thus the relaxation time of the first
second stages of the growth process is reduced. When
chemical potentials are decreased, and the adsorption
decreases, which makes the growth process slower. The
crease of the chemical potentials also makes the effect o
evaporation on the growth process stronger. In the sec
stage, the stronger evaporation effect makes the system
to the equilibrium state faster.

IV. SUMMARY

We have investigated the kinetics of ordering during
growth of a~001! monolayer in fcc alloy. The evolutions o
the structure are calculated. There is a transient orde
state during the growth process due to the correlated effe
the atomic migration and adsorption. The occurrence of
transient ordered state depends on the ratio of the chara
istic atomic exchange rate to the characteristic evapora
rate. There are two stages of the evolution in the grow
process. The first stage of the growth process is the evolu
of metastable ordered state. The second stage of the gr
process is the kinetic process from the metastable ord
state to the equilibrium ordered phase. The lifetime

FIG. 8. The lifetime of the transient ordered state as a func
of the reciprocal of temperature.
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the metastable ordered state decreases with the increa
temperature. The first stage of the growth process is ma
controlled by the adsorption and the atomic exchan
process. The ratio of the concentration of the two atom
species for the metastable ordered state is given byCA /CB
5wAexp(mA /kBT)/wB exp(mB /kBT). The lifetime for the
metastable ordered state increases exponentially with the
crease of the temperature. The second stage of the gro
process is mainly governed by the evaporation and
atomic exchange process. The evaporation and the ads
tion rate depend on the chemical potentials of the ato
species. For the case of large chemical potentials, the ev
ration is weak and adsorption is the controlling effect. W
the decrease of the chemical potentials, the evaporatio
more effective. Thus the decrease of the chemical poten
has a similar effect as the increase of temperature.
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FIG. 9. Evolution of the structure parameters during the grow
for the ordered phaseO1 at the temperaturekBT50.9 and the
chemical potentialsmA50.08 andmB50.05. HerewA /nD51/8 and
wB /nD51/16. ~a! Curves for concentrations,~b! curves forg1

A ,
g2

A , andg3
A , and~c! curves forg1

B , g2
B , andg3
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