
PHYSICAL REVIEW B 69, 155428 ~2004!
Kinetically induced ordering oscillation during epitaxial growth of a fcc multilayer alloy

Lin Shi and Jun Ni
Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China
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The kinetics of ordering in fcc multilayer alloys during the epitaxial growth is investigated by the kinetic
mean-field method. The kinetic phase diagrams for the epitaxial alloy of a fcc multilayer are calculated. We
have found that there is a kinetically induced oscillatory ordered phase in addition to the equilibrium ordered
phase in the kinetic phase diagrams. This ordering oscillation is caused by the kinetic correlation of different
growth processes. It occurs with growth condition of higher deposition rate and in materials with high jumping
barrier energies.
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I. INTRODUCTION

Epitaxial growth has been used to prepare materials
nonequilibrium state or with artificial structure for the pu
pose of fabricating high-quality low-dimensional structur
with novel physical properties. Much attention has been
voted to the growth of ordering structures in epitaxial allo
and various metastable ordered phases have been obt
using epitaxial growth process.1–12 The epitaxial ordered
structures in SixGe12x alloy,1–4 III-V semiconductor
alloys,5–8 and in some metal alloys9–12 are thermodynami-
cally unstable in the bulk. The ordering in these alloys
established in the growth layer during the epitaxial grow
and is then frozen-in as growth proceeds. Theoretically,
growth of an alloy with short-range order is studied using
kinetic mean-field model.13 The interplay between compos
tional ordering and surface roughening during the epita
growth of a binary alloy is investigated using the kine
mean field14 and the Monte Carlo method.15–17 The Monte
Carlo method has also been used to simulate the kinetic
ordering in III-V semiconductor alloys during epitaxia
growth due to step flow18 and organometallic vapor-phas
epitaxial growth of ordered films.19 The epitaxial growth of
alloys is a nonequilibrium process controlled by various
laxation processes such as the surface diffusion, adsorp
and evaporation. The amount of long-range order and
presence depend sensitively on the growth condition. C
prehending the ordering process during the epitaxial gro
is important, but much remains unknown, especially ab
the kinetic phase diagrams which present the global statu
ordering in the epitaxial growth of alloys.

In this paper, we have made a study on the global feat
described by the kinetic phase diagrams, of ordering in
epitaxial growth of an fcc multilayer alloy. In particular, w
have found a kinetically induced ordering oscillation. T
occurrence of this ordering phenomenon is attributed to
kinetic correlation of different growth processes.

II. METHODS

We consider the epitaxial growth of an fcc multilayer a
loy in ~001! direction. The system consists of three comp
nents, two species (A andB) of atoms in alloy and vacanc
~C! on the growth layer. The system is described by
0163-1829/2004/69~15!/155428~8!/$22.50 69 1554
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stochastic lattice gas model with the Hamiltonian

H5(
i j

(
ss8

Ei j ~r s2r s8!ci
scj

s8 ~1!

The variable ci
s51 if the site s is occupied by thei

(5A,B,V) species and is zero otherwise. The notationss8
means the summation over the pairs of neighboring lat
sites.Ei j (r s2r s8) represents the interaction energy betwe
the i species atr s and thej species atr s8 .

The lattice of planes in~001! direction of an fcc alloy is
square lattice. To describe the ordering of the system with
nearest- and the next-nearest-neighbor interactions, we
vide the square lattice of each layer into two sublattices. T
interaction between ani atom and aj atom, which is the
nearest neighbor of thei atom in the first underlayer, is th
nearest-neighbor interaction and the interaction betweeni
atom and ak atom, which is the nearest neighbor of thei
atom in the second underlayer, is the next-nearest-neigh
interaction. In many materials such as CuAu alloy, the thi
nearest-neighbor interaction has less effect on the struc
of the material.20 In this work we only consider the neares
and the next-nearest-neighbor interactions. In the kin
mean-field approximation,21,22 the configurations of the sys
tem are described by the site probabilities.Pi

s(m,t) is the
probability occupied byi (5A,B,V) species ins(5a,b)
sublattices on themth growth layer at timet. In the calcula-
tion, the site probabilities satisfy the normalization con
tions:

(
i (A,B,V)

Pi
a~m,t !51, (

i (A,B,V)
Pi

b~m,t !51. ~2!

The growth process comprises the three relaxation proces
the surface diffusion, adsorption, and evaporation proces
We use the micromaster equation method22,23 to describe the
atomic diffusion process. The cluster activation method23 is
used for the treatment of the micromaster equation. We
sume that the atomic distributions in the subsurface layer
fixed when a new layer is formed due to the very low bu
diffusion coefficients at the growth temperature and only s
face diffusion in which anA or B atom jumps to an empty
nearest-neighbor adsorption site is considered. We use
basic exchange probability functionYi j (m,t) to represent the
©2004 The American Physical Society28-1
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exchange probability between speciesi and speciesj ~one of
them is a vacancyV) on themth layer at timet per unit time.
The activation energy for the atomic jumping consists of
symmetric activation contribution and the antisymmetric
tivation contribution.23 The symmetric activation contribu
tion is independent of the local atomic arrangement, wh
corresponds to the average barrier energyUi for the ex-
change between atomi and vacancy. The antisymmetric a
tivation contribution depends on the local atomic arran
ment, which corresponds to the energy difference for
atom-vacancy interchange. Each basic atom-vacancy
change is affected by the interactions with the species on
neighboring sites. There is a factor exp(2DEij /2kBT) due to
the influence of the neighboring species on the excha
species which leads to a bond broken factorWi j ~Refs. 22
and 23! describing the effects of the neighboring sites.DEi j
is the energy difference for the atom-vacancy interchan
Yi j (m) is proportional to the characteristic exchange r
n i j , the barrier energy factor exp(2Ui /kBT), the site prob-
abilities Pi

a and Pj
b , and the bond broken factor for th

atom-vacancy exchangeWi j describing the effects of the
neighboring sites. Because one ofi j is an atom, the ex-
change rate is inversely proportional to the probability t
the supporting sites are not occupied by vacancy in the
derlayer.

We use the solid on solid~SOS! restriction condition24 in
the growth process. The atoms are supported by the atom
the underlayer in the growth process. We defineXi

s(m,t) as
the adsorption probability per unit time of the speciesi on
the sublattices on themth layer at timet. Under the SOS
restriction condition, an atom can adsorb when the supp
ing sites are not vacancies.Xi

s is proportional to the charac
teristic adsorption ratewi , the vacancy probabilityPi

s and a
factor describing the SOS restriction. We defineZi

s(m,t) as
the evaporation probability per unit time of the speciei
from the s sublattice on themth layer at timet. Under the
SOS restriction condition, an atom can only evaporate w
the sites over it are vacancies.Zi

s(m,t) is proportional to the
characteristic evaporation ratew8, the site probabilityPi

s

of the evaporation atom, the chemical potential fac
exp(2mi /kBT) (m i is the chemical potential of thei species!,
the bond broken factor for the evaporationVi

s , and a factor
describing the SOS restriction. The characteristic adsorp
rate can be related to the characteristic evaporation rate
to the detailed balance condition between the evapora
and the adsorption.21

The kinetics of growth is described by the following di
ferential equations with all the three contributions from t
atom-vacancy exchange, evaporation, and adsorption
cesses:

dPi
a~m!

dt
54@YVi~m!2YiV~m!#1Zi

a~m!1Xi
a~m!,

dPi
b~m!

dt
54@YiV~m!2YVi~m!#1Zi

b~m!1Xi
b~m!. ~3!
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The atomic configurations are determined by the occupa
probability Pi

s . The symmetry of the phase structures is d
scribed by the following order parameters in each layer
lated to the site probabilityPi

s ,

gA~m!5PA
a~m!2PA

b~m!, gB~m!5PB
a~m!2PB

b~m!.
~4!

When the layers are filled fully,gB(m)52gA(m) because
of the site probabilities’ normalization conditions. The co
centrations are related to the site probabilityPi

s as follows:
xi(m)5@Pi

a(m)1Pi
b(m)#/2. The coverageu of the layers is

the sum of the concentration of the atomic species. The
ferential equations are solved numerically by the Run
Kutta method. Initially the growth layer is empty. Th
growth process is described by the evolution of the conc
trations and the order parameters governed by the above
ferential equations.

III. RESULTS

In the epitaxial growth process of an ordered alloy, t
phase formed during the growth process becomes disord
due to the entropy effect at high temperature, while at v
low temperature, there is kinetic frozen-in due to the lo
atomic exchange rates and a metastable disordered pha
formed during the growth process. The ordered phase o
forms at suitable temperature. The ordered phase formed
ing the growth process generally has the same structur
the equilibrium ordered phase. Figure 1 shows the struc
parameters of a typical ordering case as a function of gro
temperature. In this typical case, the growth of 32 layers
calculated, and the nearest-neighbor interaction energies
taken asEAB

(1)520.05 eV, EAA
(1)5EBB

(1)50.0 eV, EAV
(1)5EBV

(1)

5EVV
(1)50.0 eV and the next-nearest-neighbor interaction

ergies are taken as zero. The effect of the next-near
neighbor interaction will be discussed later. First, we ta
UA5UB and denoteU0[UA5UB . We also take the atomic
exchange ratesnAV5nBV and denotetD5nD

21[nAV
21 . The

difference between atomic energy and dynamic parame
for A andB atoms may result in transient ordered states,22,25

which will be discussed later. The system with such ene

FIG. 1. The average order parameters as a function of temp
ture with w/n5531023 andmA5mB50.025 eV.
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KINETICALLY INDUCED ORDERING OSCILLATION . . . PHYSICAL REVIEW B69, 155428 ~2004!
parameters is expected to exhibit ordering. The interac
energyEi j affects the equilibrium phase transition of the sy
tem only through the interchange energyJ522EAB

(1)1EAA
(1)

1EBB
(1) . When J.0, the system forms an ordering phas

and whenJ,0, the system forms a segregable phase. In
case, J50.1 eV.0 and the system exhibits an orderin
phase. In our paper, the value of energy parameters is
malized withJ. The kinetic processes are also controlled
the barrier energyU0. When the layers are filled fully,ugAu
5ugBu and the ordered parameter in Fig. 1 is for bothgA and
gB . WhenU0 /J50.5, as shown in Fig. 1, the system is
disordered phase at high temperature (kBT/J.0.27) and in
ordered phase at moderate temperature (0.04,kBT/J
,0.27). When the temperature is very low (kBT/J,0.04),
it is again in disordered phase. In addition to this norm
ordering during growth process, we find a phenomenon
kinetically induced ordering oscillation in the epitaxi
multilayer structure. As shown in Fig. 1, whenU0 /J50.8,
there are two more steps in the curve of the average o
parameter. The kinetically induced ordering oscillation o
curs at the temperature region where the average orde
rameter is about 0.5. The step where the average orde
rameter is about 1 corresponds to the equilibrium orde
phase. In this kinetically induced oscillatory ordered pha
as shown in Fig. 2~a!, the odd layers are disordered whe
the order parameter is zero and the even layers are ord
where the order parameter is about 1. When we average
order parameter of all layers, the average order paramet
about 0.5 for the kinetically induced oscillatory order
phase. Because our calculations are on the growth of 32
ers, the 32nd layer is the last layer and is always the sur
layer. Thus the order parameter of the 32nd layer is lar
than that of other layers. In the average of order parame
we did not include this special layer. WhenU0 /J51.0, only
the kinetically induced oscillatory ordered phase occurs
the average order parameter is about 0.5 for the orde
phase.

Since we consider only surface diffusion, the atoms in
underlayer are considered to be frozen in the growth proc
The order-disorder phase transition temperature for v
small k5v/n should be close to that in the square lattic
The order-disorder phase transition temperature iskBT/J
50.54 with U050.5 andv/n5531024, which is close to
the phase-transition temperature of the square latticekBT/J
50.55.26 Since the growth process is a nonequilibrium p
cess, the phase-transition temperature is affected by the
rier energy. The barrier energy factor exp(2Uij /kBT) is de-
creased with the increase of the barrier energy. Thus
exchange probability which is proportional to the barrier e
ergy factor decreases and induces the phase-transition
perature to decrease, as shown in Fig. 1.

A. The kinetic phase diagram

The growth parameters have significant effects on
phase structure formed during the growth process. There
phases which have no corresponding phase in the equ
rium phase diagram. They are formed only kinetically in
suitable growth condition. If we take the characteristic r
15542
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FIG. 2. The evolution of the coverageu; the concentrations
xA ,xB ; and the order parametersgA ,gB during the growth process
for the kinetically induced oscillated ordering at the temperat
kBT/J50.06 with k5531023, U0 /J50.8, and mA5mB

50.025 eV.~a! For substrate withPA
a5PA

b51 and~b! for substrate
with PA

a5PA
b50.5.
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LIN SHI AND JUN NI PHYSICAL REVIEW B 69, 155428 ~2004!
and the barrier energy as phase diagram parameters, we
draw the kinetic phase diagrams shown in Figs. 3 and
From the kinetic phase diagrams, we can obtain the for
tion conditions for various phases formed during the kine
growth. Figure 3 shows the phase diagrams with the te
perature and the ratiok5v/n between the characteristic ad
sorption rate and exchange rate as parameters. In the fig
the phaseO denotes the equilibrium ordered phase, the ph
D denotes the disordered phase, the phaseOO denotes the
kinetically induced oscillatory ordered phase, and the ph
FD is the frozen-in disordered phase. When the characte
tic exchange rate is large (k is small!, the atomic migrations
are fast during the growth process and it is easy for atom
reach the equilibrium and form an ordered phase. When
characteristic adsorption rate is large (k is large!, the growth
surface is covered with atoms quickly and the atoms in
underlayer hardly have a chance to migrate, then only
disordered phase is formed. The ordered phase is for
only for a small characteristic adsorption rate. As shown
Fig. 3, the growth phase is the frozen-in disordered phas
low temperature and is the entropy induced disordered ph
at high temperature. When the ratiok between the charac
teristic atomic adsorption rate and exchange rate is small
system is close to the equilibrium state, the growth phas

FIG. 3. The kinetic phase diagram with temperature and
ratio k as parameters withU0 /J51.0 andmA5mB50.025 eV.

FIG. 4. The evolution of energy of the system with differentk,
kBT/J50.1, U0 /J51.0, andmA5mB50.025 eV.
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the equilibrium ordered phase at suitable temperature. W
k is large, the growth phase is kinetically induced oscillato
ordered phase. It should be noted that in the kinetic ph
diagram of Fig. 3, there is a reentrant transition betwe
phasesO and OO. Both at lower and higher temperature
theOO phase occurs due to the kinetic effect. The bound
line between theD and OO phases approaches the line b
tween theFD andOO phases with the increase ofk because
the system is more disordered for larger ratiok and then they
are annexed, at a point we call kinetic critical point, follow
ing the critical point between the vapor phase and liq
phase. We have calculated the evolution of the energyE of
the system with differentk as shown in Fig. 4. The smallerk
leads to a phase closer to equilibrium. The energy of
oscillatory ordered phase (k50.01) is larger than that of the
ordered phase (k51026) and smaller than that of the diso
dered phase (k51). The curve for the ordered phase (k
51026) in Fig. 4 is the evolution of the energy of the equ
librium phase approximately sincek is very small. This
means that the phases closer to equilibrium have smaller
ergy. Figure 5 is the phase diagram with temperature and
barrier energy as parameters. The barrier energy affects
atomic diffusion rate in the growth layer. The lower the ba
rier energy is, the larger the atomic diffusion rate is and
easier the equilibrium ordered structure forms. As shown

FIG. 6. The relation between the bond broken factorWAV for
atomA and vacancy exchange with the structure of the underla

e FIG. 5. The kinetic phase diagram with temperature and
barrier energy as parameters withk5531023 and mA5mB

50.025 eV.
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KINETICALLY INDUCED ORDERING OSCILLATION . . . PHYSICAL REVIEW B69, 155428 ~2004!
Fig. 5, the maximum of the barrier energy for the occurren
of the oscillatory ordered phase is 1.14 withk5531023.
The characteristic exchange ratemD and the barrier energy
affect the growth of the system by the factormDexp
(2U0 /kBT). The maximum of the barrier energy for the o

FIG. 7. The kinetic phase diagram with temperature and
next-nearest-neighbor interaction as parameters withEAB

(1)5
20.05 eV,U0 /J51.0, k5531023, andmA5mB50.025 eV.

FIG. 8. The evolution of the coverage, the concentrations,
the order parameters during the growth process withEAA

(1)

50.001 eV,EBB
(1)50.01 eV,EAB

(1)520.05 eV,kBT/J50.07, U0 /J
51.0, k5531023, mA5mB50.025 eV, and substrate withPA

a

5PA
b51.
15542
e

currence of the oscillatory ordered phase will increa
with the decrease tok. For the different systems, thos
with the larger barrier energy need smallerk to obtain the
oscillatory ordered phase in the growth process. As show
Fig. 5, when the barrier energy is small, the growth phas
closer to the equilibrium state and the equilibrium order
phase is formed at moderate temperature. When the ba
energy is large, the growth phase deviates more with
equilibrium phase and kinetically induced oscillatory order
phase occurs. When the barrier energy reaches a cri
point of 1.14, the section ofD and the section of FD are
annexed.

Now we give an analysis on the formation process of
kinetically induced ordering oscillation. The formation of th
ordering structure depends on the ratio of the atomic dif
sion rate and the atomic adsorption rate. The atomic di
sion rate is affected by the growth parameters such as t
perature, the barrier energy, and the characteristic excha
rate. It is also affected by the structure of the underlay
which varies with the epitaxial multilayer growth. Thus eve
when we keep the growth parameters constant, the ato
diffusion rate is different among the layers. The bond brok
factorWi j in the atomic diffusion rate depends on the und
layer structure. Figure 6 shows the effect of the underla
structure on the bond broken factorWAV ~only the part rel-

e

d

FIG. 9. The evolution of the coverage, the concentrations,
the order parameters during the growth process withwA50.01,
wB50.005, nAV5nBV52.0, kBT/J50.1, U0 /J51.0, mA5mB

50.025 eV, and substrate withPA
a5PA

b51.
8-5
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LIN SHI AND JUN NI PHYSICAL REVIEW B 69, 155428 ~2004!
evant to the underlayer structure is shown! for atom A and
vacancy exchange at temperaturekBT/J50.1. The bond bro-
ken factorWAV has the maximum atPA

a5PA
b50.5 ~disor-

dered state!. But when one of the sublattices is fully fille
with one species (Pi

s50 or 1), WAV reaches the minimum
For the case of Fig. 1~b!, the substrate is withPA

a5PA
b

50.5 initially. The atomic diffusion rate in the first layer
large, then in the first layer the ordered structure will fo
~e.g., PA

a51,PA
b50). Then the atomic diffusion rate in th

second layer is low and the disordered structure will form
the second layer~again PA

a5PA
b50.5). In such a way, it

leads to the ordering oscillation with the ordered odd lay
as shown in Fig. 2~b!. When the substrate is initially with
pureA species, the similar growth process leads to the or
ing oscillation. But in this case, the even layers are orde
as shown in Fig. 2~a!. When the substrate is between the
two extreme cases, such as the substrate withPA

a5PA
b

50.25, the ordering oscillation will have less favorable co
ditions to occur.

B. Effect of the next-nearest-neighbor interaction

We consider the cases ofEAB
(2)Þ0. The interchange energ

between thei th nearest neighbor atoms is defined asJ( i )

FIG. 10. The evolution of the coverage, the concentrations,
the order parameters during the growth process withmA5
20.02 eV, mB520.01 eV, kBT/J50.06, U0 /J51.0, k55
31023, and substrate withPA

a5PA
b50.5.
15542
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522EAB
(i) 1EAA

(i) 1EBB
(i) . The next-nearest-neighbor interactio

J(2)Þ0 with EAB
(2)Þ0, EAA

(2)5EBB
(2)50. Figure 7 shows the ef

fect of the next-nearest-neighbor interactionJ(2) on the
structure of the system. WhenJ(2)/J(1).0.4 the system is in
disordered phase. When20.29,J(2)/J(1),0.4, the system
forms oscillatory ordered phase at lower temperature. W
J(2)/J(1),20.29 the system forms ordered phase atkBT/J
.0.04. WhenJ(2)/J(1).0, the system tends to be in diso
dered phase, and whenJ(2)/J(1),0, the system tends to
form ordered phase. The maximal temperature range of
oscillatory ordered phase is atJ(2)/J(1)520.06. The
second- nearest-neighbor interaction tends to reduce the
perature range of the oscillatory ordered phase. The osc
tory ordered phase might occur in the alloy systems w
small ratio of the nearest- and the next-nearest-neighbor
terchange energyJ(2)/J(1) such as CuAu~Ref. 27! and NiAl
~Ref. 28! alloys. The ratio between the nearest- and the ne
nearest-neighbor interchange energiesJ(2)/J(1) is 20.2 for
CuAu alloy ~Ref. 27! and 20.12 for NiAl alloy ~Ref. 28!,
which is in the range of the ratioJ(2)/J(1) for the occurrence
of the oscillatory ordered phase. Thus the oscillatory orde
phase might occur with the suitable value of thek in the
growth of the CuAu and NiAl alloys.

d FIG. 11. The evolution of the coverage, the concentrations,
the order parameters during the growth process withnAV50.2,
nBV5200.0, wA5wB50.01, kBT/J50.06, U0 /J51.0, mA5mB

50.025 eV, and substrate withPA
a5PA

b51.
8-6
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KINETICALLY INDUCED ORDERING OSCILLATION . . . PHYSICAL REVIEW B69, 155428 ~2004!
C. Effect of the EAA
„1…ÅEBB

„1…

Now we consider the cases ofEAA
(1)ÞEBB

(1) . When we take
EAA

(1)50.001 eV andEBB
(1)50.01 eV, the order parameters a

shown in Fig. 8. For showing more detail, we only show t
first 8 layers of the 32 layers in Figs. 8–11. The concen
tion of A atoms is higher than that ofB atoms in the even
layers but the concentration of two species is nearly equa
the odd layers. There are small transient peaks in the cu
of gA . The evaporation is proportional to the bond brok
factor. We have shown that the bond broken factor depe
on the underlayer structure. The bond broken factorVA

a at
PA

a5PA
b50.5 ~disordered state! is far bigger than that a

PA
a51,PA

b50 ~ordered state!. Because of the difference be
tweenEAA

(1) andEBB
(1) , the bond broken factorsVA

a andVB
a are

different. Thus the evaporation of atomB is far greater than
that of atomA when the underlayer is disordered. For t
case of Fig. 8, the concentrations of two atoms are differ
because ofEAA

(1)ÞEBB
(1) in the even layers, which leads to th

peaks in the curves ofgA .

D. Effect of the characteristic adsorption rate

We have discussed the case ofwA5wB above, now we
discuss the case ofwAÞwB . When we takewA50.01, wB

5wA/250.005, andkBT/J50.1, the system has kineticall
induced oscillatory ordered phase as shown in Fig. 9.
find xB /xA.wB /wA , which means the concentration is d
cided by the characteristic adsorption rate. There are pea
the curves of the order parameter as shown in Fig. 9. T
are caused by the difference betweenwA and wB . When
wB.wA , the peaks appear in the curves ofgB , and when
wA.wB , the peaks appear in the curves ofgA . When the
characteristic adsorption rate of one species is bigger,
will occur one sublattice firstly, which leads to the peaks
the curves of the order parameter.

E. Effect of the chemical potential

We consider the cases ofmAÞmB . When we takemA5
20.02 eV andmB520.01 eV, the order parameters of th
system are shown in Fig. 10. WhenkBT/J50.05, the con-
centration ofA atoms is lower than that ofB atoms in the odd
layers but the concentration of two species is nearly equa
the even layers. There are peaks in the curves ofgB . Similar
to the effect ofEAA

(1) andEBB
(1) , the evaporation rates are di

ferent whenmAÞmB . For the case of Fig. 10, the substrate
with PA

a5PA
b50.5 initially. The evaporation rate in the firs

layer is large and the first layer forms the ordered struct
(PA

a51, PA
b50). Then the evaporation rate in the seco

layer is low and the second layer forms the disordered st
ture (PA

a5PA
b50.5). The concentrations of two atoms a

different becausemAÞmB in the odd layers , which leads t
the peaks in the curves ofgB .
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F. Effect of the characteristic exchange rate and the barrier
energy

We have discussed the case ofnAV5nBV above, now we
discuss the case ofnAVÞnBV . When we takenAV50.2,
nBV51033nAV5200, andkBT/J50.06, the system has
kinetically induced oscillatory ordered phase as shown
Fig. 11. There are small peaks in the curves of the or
parameter as shown in Fig. 11. They are caused by the
ference betweennAV and nBV . WhennBV.nAV , the peaks
appear in the curves ofgB . When the characteristic ex
change rate of one species is big, the system will reach
ordered phase quickly by the exchange of atoms and lea
the peak of order parameter. The basic exchange probab
function Yi j (m) is proportional to the barrier energy facto
exp(2Uij /kBT). The exchange rate of the two species is a
different whenUAVÞUBV . The results forUAVÞUBV are
similar to Fig. 11. The difference of the barrier energies a
leads to the peaks in the curves of the order parameter.

IV. SUMMARY

In summary, we have investigated the epitaxial grow
process for a fcc alloy system. We have calculated the kin
phase diagrams of epitaxial growth. The structure form
during the growth process depends on the growth parame
such as growth temperature, barrier energy, and the rati
characteristic adsorption rate and atomic exchange rate
low temperature, the frozen-in disordered phase is form
due to the low exchange rate of atoms, while the entro
induced disordered phase is formed at high temperature.
ordered phase is formed at moderate temperature. We
found that there is a kinetically induced oscillatory order
phase in addition to the equilibrium ordered phase in
kinetic phase diagrams. This oscillatory ordered phase
caused by the nonequilibrium kinetics of the growth pr
cesses. The next-nearest-neighbor interaction tends to re
the temperature range of the oscillatory ordered phase.
difference of the characteristic adsorption rates leads to
difference of the concentrations and the peaks of the o
parameters. The effects of the chemical potentials, the c
acteristic exchange rates, and the barrier energies are
discussed. In the real system, this oscillatory ordered ph
might occur with the condition that the next-nearest-neigh
interaction is not strong as compared with the neare
neighbor interaction such as in CuAu~Ref. 27! and NiAl
~Ref. 28! alloys. It occurs with the experimental condition o
the higher deposition rate.
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