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Kinetically induced ordering oscillation during epitaxial growth of a fcc multilayer alloy
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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 stochastic lattice gas model with the Hamiltonian

Epitaxial growth has been used to prepare materials in a B s s/
nonequilibrium state or with artificial structure for the pur- H‘; g Eij(rs—rs/)Cic; @
pose of fabricating high-quality low-dimensional structures
with novel physical properties. Much attention has been deThe variableci=1 if the site s is occupied by thei
voted to the growth of ordering structures in epitaxial alloys(=A,B,V) species and is zero otherwise. The notatssh
and various metastable ordered phases have been obtaineéans the summation over the pairs of neighboring lattice
using epitaxial growth process!? The epitaxial ordered sites.Ejj(rs—rg) represents the interaction energy between
structures in  SiGe,_, alloy,)™* 1ll-V semiconductor thei species at and thej species at .
alloys®® and in some metal alloys'? are thermodynami- The lattice of planes if001) direction of an fcc alloy is
cally unstable in the bulk. The ordering in these alloys issquare lattice. To describe the ordering of the system with the
established in the growth layer during the epitaxial growthnearest- and the next-nearest-neighbor interactions, we di-
and is then frozen-in as growth proceeds. Theoretically, theide the square lattice of each layer into two sublattices. The
growth of an alloy with short-range order is studied using theinteraction between an atom and a atom, which is the
kinetic mean-field modéf The interplay between composi- nearest neighbor of thieatom in the first underlayer, is the
tional ordering and surface roughening during the epitaxiahearest-neighbor interaction and the interaction betweén an
growth of a binary alloy is investigated using the kinetic atom and & atom, which is the nearest neighbor of the
mean field* and the Monte Carlo methdd-*’ The Monte  atom in the second underlayer, is the next-nearest-neighbor
Carlo method has also been used to simulate the kinetics @fiteraction. In many materials such as CuAu alloy, the third-
ordering in llI-V semiconductor alloys during epitaxial nearest-neighbor interaction has less effect on the structure
growth due to step floW and organometallic vapor-phase of the materiaf® In this work we only consider the nearest-
epitaxial growth of ordered filmS. The epitaxial growth of and the next-nearest-neighbor interactions. In the kinetic
alloys is a nonequilibrium process controlled by various re-mean-field approximatioft;?? the configurations of the sys-
laxation processes such as the surface diffusion, adsorptiotem are described by the site probabiliti&(m,t) is the
and evaporation. The amount of long-range order and itprobability occupied byi(=A,B,V) species ins(=a,p)
presence depend sensitively on the growth condition. Comsublattices on thenth growth layer at time. In the calcula-

prehending the ordering process during the epitaxial growthion, the site probabilities satisfy the normalization condi-
is important, but much remains unknown, especially aboutions:

the kinetic phase diagrams which present the global status of
ordering in the epitaxial growth of alloys.

In this paper, we have made a study on the global feature, > Prmn=1, > Pimn=1 (2

. L . . . i(A,B,V) i(AB,V)

described by the kinetic phase diagrams, of ordering in the
epitaxial growth of an fcc multilayer alloy. In particular, we The growth process comprises the three relaxation processes:
have found a kinetically induced ordering oscillation. Thethe surface diffusion, adsorption, and evaporation processes.
occurrence of this ordering phenomenon is attributed to thgve use the micromaster equation metffédto describe the
kinetic correlation of different growth processes. atomic diffusion process. The cluster activation metfiasl
used for the treatment of the micromaster equation. We as-
sume that the atomic distributions in the subsurface layer are
fixed when a new layer is formed due to the very low bulk

We consider the epitaxial growth of an fcc multilayer al- diffusion coefficients at the growth temperature and only sur-
loy in (001 direction. The system consists of three compo-face diffusion in which amA or B atom jumps to an empty
nents, two species andB) of atoms in alloy and vacancy nearest-neighbor adsorption site is considered. We use the
(C) on the growth layer. The system is described by thebasic exchange probability functiofy;(m,t) to represent the

IIl. METHODS
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exchange probability between speciemd specieg (one of

: . e 1.0} . —o— U=
them is a vacancy) on themth layer at timet per unit time. 0 Uy4=0.9
The activation energy for the atomic jumping consists of the 08l f::c°°°8 | o U048
symmetric activation contribution and the antisymmetric ac- —— U119

tivation contributior?®> The symmetric activation contribu-
tion is independent of the local atomic arrangement, which
corresponds to the average barrier enetgjyfor the ex-
change between atoimand vacancy. The antisymmetric ac-
tivation contribution depends on the local atomic arrange-
ment, which corresponds to the energy difference for the 0.0k ,,J
atom-vacancy interchange. Each basic atom-vacancy ex- - ! ! - -
change is affected by the interactions with the species on the
neighboring sites. There is a factor exp{E;/2kgT) due to k T/J

the influence of the neighboring species on the exchange B

SPECIeS Wh'ch .Ieads to a bond broken_ fadME’ (Rgfs. 22 FIG. 1. The average order parameters as a function of tempera-
and 23 describing the effects of the neighboring sitAg;; ture withw/v=5x 103 and ux= ug=0.025 eV.

is the energy difference for the atom-vacancy interchange.

Yij(m) is proportional to the characteristic exchange raterne atomic configurations are determined by the occupation
vij , the barrier energy factor expU;/kgT), the site prob-  ,opapility PS. The symmetry of the phase structures is de-

abilities P and P, and the bond broken factor for the gerined by the following order parameters in each layer re-
atom-vacancy exchang@/;; describing the effects of the |5ted to the site probabilitP$
i

neighboring sites. Because one igf is an atom, the ex-

change rate is inversely proportional to the probability that —,, ()= P(m)—P&(m), yg(m)=Pg&m)—PE(m).
the supporting sites are not occupied by vacancy in the un- (4)
derlayer.

We use the solid on solitBOS restriction conditioA’in ~ When the layers are filled fullyyg(m)= —ya(m) because
the growth process. The atoms are Supported by the atoms @f the site probabilities’ normalization conditions. The con-
the underlayer in the growth process. We defiiém,t) as centrations are related to the site probabifty as follows:
the adsorption probability per unit time of the spediesn  Xi(m)=[P{(m)+Pf(m)]/2. The coveragd of the layers is
the sublattices on themth layer at timet. Under the SOS the sum of the concentration of the atomic species. The dif-
restriction condition, an atom can adsorb when the supporterential equations are solved numerically by the Runge-
ing sites are not vacanciex; is proportional to the charac- Kutta method. Initially the growth layer is empty. The
teristic adsorption ratey; , the vacancy probabilitP$ and a  growth process is described by the evolution of the concen-
factor describing the SOS restriction. We def#ém,t) as trations and the order parameters governed by the above dif-

the evaporation probability per unit time of the species f€rential equations.
from the s sublattice on thenth layer at timet. Under the
SOS restriction condition, an atom can only evaporate when ll. RESULTS

the sites over it are vacancieg(m,t) is proportional to the In the epitaxial growth process of an ordered alloy, the
characteristic evaporation rate’, the site probabilityP?  phase formed during the growth process becomes disordered
of the evaporation atom, the chemical potential factofque to the entropy effect at high temperature, while at very
exp(- i /kgT) (wi is the chemical potential of thiespecie  |ow temperature, there is kinetic frozen-in due to the low
the bond broken factor for the evaporatiofi, and a factor atomic exchange rates and a metastable disordered phase is
describing the SOS restriction. The characteristic adsorptioformed during the growth process. The ordered phase only
rate can be related to the characteristic evaporation rate d4ygrms at suitable temperature. The ordered phase formed dur-
to the detailed balance condition between the evaporatiomg the growth process genera”y has the same structure as
and the adsorptioft. the equilibrium ordered phase. Figure 1 shows the structure
The kinetics of growth is described by the following dif- parameters of a typical ordering case as a function of growth
ferential equations with all the three contributions from thetemperature. In this typical case, the growth of 32 layers is
atom-vacancy exchange, evaporation, and adsorption prealculated, and the nearest-neighbor interaction energies are
cesses: taken asE{l=—0.05 eV, EQ)=E{)=0.0 eV, EQ=ES)
=E{}))=0.0 eV and the next-nearest-neighbor interaction en-
ergies are taken as zero. The effect of the next-nearest-

0.4} Y

021

order parameters

dom =A[Yyi(m) = Yiy(m) ]+ Zi(m) + X (m), neighbor interaction will be discussed later. First, we take
dt U,=Ug and denotdJ ;=U,=Ugz. We also take the atomic
exchange rates,=rgy and denoterp=vp'=v,J. The
dP5(m) difference between atomic energy and dynamic paérfae?réneters
i(m for A andB atoms may result in transient ordered st
T ary. —Y. B B y :
dt ALY (M) =Yyi(m) ]+ ZEm)+XEm). ) hich will be discussed later. The system with such energy
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parameters is expected to exhibit ordering. The interaction 1.00

energyE;; affects the equilibrium phase transition of the sys- 0.75

tem only through the interchange energly — 2E{+EY @ g'gg / / / /
+E{). WhenJ>0, the system forms an ordering phase, 0.00 ) J
and when]<0, the system forms a segregable phase. In our 1.00

case,J=0.1 eV>0 and the system exhibits an ordering « 075

phase. In our paper, the value of energy parameters is nor- 8 050 7 / 7 /
malized withJ. The kinetic processes are also controlled by g'zg

the barrier energy,. When the layers are filled fully;ya| 1.00

=|yg| and the ordered parameter in Fig. 1 is for bethand 2 075

vg. WhenUy/J=0.5, as shown in Fig. 1, the system is in & 050 7

disordered phase at high temperatukgT/J>0.27) and in 0.25 / /
ordered phase at moderate temperature @IQA/J (1):88 —_— :
<0.27). When the temperature is very lowg{/J<0.04), 0.75 7 7

it is again in disordered phase. In addition to this normal > 050 il b 10(214 648 bo b balzolaslhola
ordering during growth process, we find a phenomenon of 0.25 f
kinetically induced ordering oscillation in the epitaxial g-gg

multilayer structure. As shown in Fig. 1, whéh,/J=0.8, 0.25

there are two more steps in the curve of the average order 22050 P1t B P oyznefepepopa paizoepois2
parameter. The kinetically induced ordering oscillation oc- 075 \\
curs at the temperature region where the average order pa- .00} ‘ - ‘ , :
rameter is about 0.5. The step where the average order pa- 0 3000 6000 9000 12000 15000
rameter is about 1 corresponds to the equilibrium ordered t/x

phase. In this kinetically induced oscillatory ordered phase, D

as shown in Fig. @), the odd layers are disordered where
the order parameter is zero and the even layers are ordered

where the order parameter is about 1. When we average the ;'22 77 / /

order parameter of all layers, the average order parameter is S 050 // /

about 0.5 for the kinetically induced oscillatory ordered 0.25 / / / /

phase. Because our calculations are on the growth of 32 lay- 0.00 /

ers, the 32nd layer is the last layer and is always the surface 1.00

layer. Thus the order parameter of the 32nd layer is larger <« 075

than that of other layers. In the average of order parameter, 8 g'gg W// / ////7///////

we did not include this special layer. Wheky/J=1.0, only 0.00 J Z////// ]

the kinetically induced oscillatory ordered phase occurs and 1.00

the average order parameter is about 0.5 for the ordered q 075

phase. § 080 / / 7
Since we consider only surface diffusion, the atoms in the g'zg ;;;;;;;;;/;/;;;;;;;;;;;;;;/;;;;

underlayer are considered to be frozen in the growth process. 1.00

The order-disorder phase transition temperature for very 0.75

small k= w/v should be close to that in the square lattice. >3 050 s 17 9 1h3hshrhob 232 7ot

The order-disorder phase transition temperaturekg$/J 0.25

=0.54 withU,=0.5 andw/r=5%10"4, which is close to g'gg

the phase-transition temperature of the square lakiid&J o 025

=0.552° Since the growth process is a nonequilibrium pro- - S o A e e el o

cess, the phase-transition temperature is affected by the bar- 0.75

rier energy. The barrier energy factor exi{;; /kgT) is de- -1.00

creased with the increase of the barrier energy. Thus the 3000 6000 9000 12000 15000

exchange probability which is proportional to the barrier en- t/t

ergy factor decreases and induces the phase-transition tem- D

perature to decrease, as shown in Fig. 1. (b)

A. The kinetic phase diagram . .
P 9 FIG. 2. The evolution of the coveragg the concentrations

The growth parameters have significant effects on the,,xg; and the order parametess, ,yg during the growth process
phase structure formed during the growth process. There afer the kinetically induced oscillated ordering at the temperature
phases which have no corresponding phase in the equilibgT/J=0.06 with «=5x10"3, U,/J=0.8, and us=pg
rium phase diagram. They are formed only kinetically in a=0.025 eV.(a) For substrate wittP4=P%=1 and(b) for substrate
suitable growth condition. If we take the characteristic ratewith Pg=P£=0.5.
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FIG. 3. The kinetic phase diagram with temperature and the

. ! FIG. 5. The kinetic phase diagram with temperature and the
ratio x as parameters withly/J=1.0 andu,= ug=0.025 eV. P 9 P

barrier energy as parameters witk=5x10"% and us=ug
=0.025 eV.

and the barrier energy as phase diagram parameters, we can

draw the kinetic phase diagrams shown in Figs. 3 and 4the equilibrium ordered phase at suitable temperature. When
From the kinetic phase diagrams, we can obtain the formax is large, the growth phase is kinetically induced oscillatory
tion conditions for various phases formed during the kineticordered phase. It should be noted that in the kinetic phase
growth. Figure 3 shows the phase diagrams with the temdiagram of Fig. 3, there is a reentrant transition between
perature and the ratie= w/v between the characteristic ad- phasesO and OO. Both at lower and higher temperatures,
sorption rate and exchange rate as parameters. In the figurese OO phase occurs due to the kinetic effect. The boundary
the phase denotes the equilibrium ordered phase, the phasgine between théd and OO phases approaches the line be-
D denotes the disordered phase, the pHagedenotes the tween theFD andOO phases with the increase efbecause
kinetically induced oscillatory ordered phase, and the phasghe system is more disordered for larger ratiand then they

FD is the frozen-in disordered phase. When the characterisare annexed, at a point we call kinetic critical point, follow-
tic exchange rate is largec(is smal), the atomic migrations ing the critical point between the vapor phase and liquid
are fast during the growth process and it is easy for atoms tphase. We have calculated the evolution of the en&gf
reach the equilibrium and form an ordered phase. When thghe system with differenk as shown in Fig. 4. The smaller
characteristic adsorption rate is largei§ large, the growth  leads to a phase closer to equilibrium. The energy of the
surface is covered with atoms quickly and the atoms in thescillatory ordered phasec&0.01) is larger than that of the
underlayer hardly have a chance to migrate, then only therdered phasex=10°) and smaller than that of the disor-
disordered phase is formed. The ordered phase is formegered phase K=1). The curve for the ordered phase (
only for a small characteristic adsorption rate. As shown in=10"9) in Fig. 4 is the evolution of the energy of the equi-
Fig. 3, the growth phase is the frozen-in disordered phase g@ibrium phase approximately since is very small. This

low temperature and is the entropy induced disordered phasfieans that the phases closer to equilibrium have smaller en-
at high temperature. When the ratiobetween the charac- ergy. Figure 5 is the phase diagram with temperature and the
teristic atomic adsorption rate and exchange rate is small, thgarrier energy as parameters. The barrier energy affects the
system is close to the equilibrium state, the growth phase igtomic diffusion rate in the growth layer. The lower the bar-
rier energy is, the larger the atomic diffusion rate is and the

easier the equilibrium ordered structure forms. As shown in
(¢]8
5l 13 T
11
3 1 91 .
o 15} W, 7 , '/:'/:','"
51 il
g
20} N it
25\ e
1 1 1 1 1 1 0'2
0 3000 6000 9000 12000 15000 “0.
PNe
1:/TD 4
FIG. 4. The evolution of energy of the system with different FIG. 6. The relation between the bond broken fadtdy, for
kgT/J=0.1,U,/J=1.0, andu,=ug=0.025 eV. atomA and vacancy exchange with the structure of the underlayer.
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FIG. 7. The kinetic phase diagram with temperature and the 0.00[
next-nearest-neighbor interaction as parameters W)= 1.00F
—0.05 eV,Uy/J=1.0, k=5x10"3, andus=pug=0.025 eV. >§ 0.75} A NA AN
0.501
Fig. 5, the maximum of the barrier energy for the occurrence 0.25; 2 4 6 8
of the oscillatory ordered phase is 1.14 with5x103. 0.00p , , , ,
The characteristic exchange raig, and the barrier energy 0.00f
affect the growth of the system by the factarpexp >93 -0.25} h&h&
(—Ug/kgT). The maximum of the barrier energy for the oc- -0.50t
-0.75}
1.00f -1.00p . . . .
0.751 0 1000 2000 3000 4000
D 050}
0.25 t/TD
0.00}
1.00¢ FIG. 9. The evolution of the coverage, the concentrations, and
< 075} the order parameters during the growth process wig0.01,
& 0.50} =0.005, Vay=— Vpy— 2.0, kBT/J 0.1, UO/J=1.0, MA= MUB
0.25¢ W —O 025 eV, and substrate with§=P5=1.
0.00r | . . currence of the oscillatory ordered phase will increase
1.00} with the decrease tac. For the different systems, those
m 075 with the larger barrier energy need smalleito obtain the
8 050 oscillatory ordered phase in the growth process. As shown in
0.25; W / Fig. 5, when the barrier energy is small, the growth phase is
0.00p | . . . closer to the equilibrium state and the equilibrium ordered
1.00¢ phase is formed at moderate temperature. When the barrier
< 975 energy is large, the growth phase deviates more with the
&= 0.50¢ equilibrium phase and kinetically induced oscillatory ordered
0.25} 2 4 (6 |8 phase occurs. When the barrier energy reaches a critical
0.00} point of 1.14, the section ob and the section of FD are
0.00¢ annexed.
o -0.25¢ &\ Now we give an analysis on the formation process of the
>~ -0.501 kinetically induced ordering oscillation. The formation of the
-0.75¢ ordering structure depends on the ratio of the atomic diffu-
-1.00f sion rate and the atomic adsorption rate. The atomic diffu-

1000 2000 3000

t/x

D

4000

sion rate is affected by the growth parameters such as tem-
perature, the barrier energy, and the characteristic exchange
rate. It is also affected by the structure of the underlayer,
which varies with the epitaxial multilayer growth. Thus even

FIG. 8. The evolution of the coverage, the concentrations, anqvhen we keep the growth parameters constant, the atomic

the order parameters during the growth process \/\Ekb{
=0.001 eV,E$2=0.01 eV,E{)=—0.05 eV, kg T/3=0.07,Uy/J

=1.0, k=5X10"3, upa=ug=0.025 eV, and substrate witR%

=PR=1.

diffusion rate is different among the layers. The bond broken
factorWj; in the atomic diffusion rate depends on the under-
layer structure. Figure 6 shows the effect of the underlayer
structure on the bond broken factdf,,, (only the part rel-
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FIG. 10. The evolution of the coverage, the concentrations, and k|G 11. The evolution of the coverage, the concentrations, and
the order parameters during the growth process WiR=  the order parameters during the growth process with=0.2,
*0923 eV, ug=-0.01 ?V,a kB;/JZOO& UO/J:]..O, k=5 vgy=200.0, wa=wg=0.01, kgT/J=0.06, UO/J:]..O, A= Mg
X 107", and substrate with,=P,=0.5. =0.025 eV, and substrate wiff¢=P5=1.

evant to the underlayer structure is shovior atom A and
vacancy exchange at temperatkgd/J=0.1. The bond bro-
ken factorW,y has the maximum aP4=P%£=0.5 (disor-
dered state But when one of the sublattices is fully filled

with one speciesR;=0 or 1), W,y reaches the minimum. =’ (2) 1(1)
For the case of Fig. (b), the substrate is wittP5=P% disordered phase. When0.29=J%/J'=0.4, the system

=0.5 initially. The atomic diffusion rate in the first layer is fcggns(lc;scillatory ordered phase at lower temperature. When
large, then in the first layer the ordered structure will formJ"~/J <_0-292 thel system forms ordered phasekgit/J
(e.g., P4=1P%#=0). Then the atomic diffusion rate in the = 0-04- When®)/J(0>0, the system tends to be in disor-

2 1
second layer is low and the disordered structure will form indered phase, and whei?/3)<0, the system tends to
the second layetagain P4= p§:0_5)_ In such a way, it form ordered phase. The maximal temperature range of the

leads to the ordering oscillation with the ordered odd layer@scillatory ordered phase is al®/J®)=-0.06. The
as shown in Fig. @). When the substrate is initially with Second- nearest-neighbor interaction tends to reduce the tem-
pureA species, the similar growth process leads to the ordePerature range of the oscillatory ordered phase. The oscilla-
ing oscillation. But in this case, the even layers are ordere@ry ordered phase might occur in the alloy systems with
as shown in Fig. @). When the substrate is between thesesmall ratio of the nearest- and the next-nearest-neighbor in-
two extreme cases, such as the substrate Wifh=P%Z  terchange energy®/J® such as CuAuRef. 27 and NiAl
=0.25, the ordering oscillation will have less favorable con-(Ref. 28 alloys. The ratio between the nearest- and the next-
ditions to occur. nearest-neighbor interchange energi€d/J® is —0.2 for
CuAu alloy (Ref. 279 and —0.12 for NiAl alloy (Ref. 28,
which is in the range of the rati@?/J* for the occurrence
of the oscillatory ordered phase. Thus the oscillatory ordered
We consider the cases Eff,;;ﬁo. The interchange energy phase might occur with the suitable value of thein the
between theith nearest neighbor atoms is defined A8  growth of the CuAu and NiAl alloys.

=—2EQ+EW,+EL,. The next-nearest-neighbor interaction
J@=0 with E&Q+#0, EAQ=E@=0. Figure 7 shows the ef-
fect of the next-nearest-neighbor interactidf?) on the
structure of the system. Whef¥?)/J(")>0.4 the system is in

B. Effect of the next-nearest-neighbor interaction
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C. Effect of the EX#E F. Effect of the characteristic exchange rate and the barrier
energy

Now we consider the cases Bf)+E{). When we take
E{Q=0.001 eV and=§3=0.01 eV, the order parameters are  We have discussed the caseigf,= vgy above, now we
shown in Fig. 8. For showing more detail, we only show thediscuss the case ofay# vgy. When we takev,,=0.2,
first 8 layers of the 32 layers in Figs. 8—11. The concentravgy=10°X voy=200, andkgT/J=0.06, the system has a
tion of A atoms is higher than that d&& atoms in the even kinetically induced oscillatory ordered phase as shown in
layers but the concentration of two species is nearly equal iffig. 11. There are small peaks in the curves of the order
the odd layers. There are small transient peaks in the curvét@rameter as shown in Fig. 11. They are caused by the dif-
of ya. The evaporation is proportional to the bond brokenférence betweem,y and vgy. Whenvg,>v,y, the peaks
factor. We have shown that the bond broken factor depend@PP€ar in the curves of. When the characteristic ex-
on the underlayer structure. The bond broken fast@rat change rate of One Species 1S big, the system will reach éhe
pu= P§=0.5 (disordered stajeis far bigger than that at ordered phase quickly by the exchange of atoms and lead to

A 8 . the peak of order parameter. The basic exchange probability
PA=1P,=0 (ordered state Because of the difference be- f,ction Yi;j(m) is proportional to the barrier energy factor
tweenE{) andE{Y, the bond broken factorgs andVg are exp(—Uj; /kgT). The exchange rate of the two species is also
different. Thus the evaporation of atdnis far greater than  different whenU ,y#Ugy. The results forU ,y# Ugy are
that of atomA when the underlayer is disordered. For thesimilar to Fig. 11. The difference of the barrier energies also
case of Fig. 8, the concentrations of two atoms are differenfeads to the peaks in the curves of the order parameter.
because oE{)#EL in the even layers, which leads to the
peaks in the curves of, .

IV. SUMMARY

D. Effect of the characteristic adsorption rate ) . o
In summary, we have investigated the epitaxial growth

process for a fcc alloy system. We have calculated the kinetic
We have discussed the casewf=wg above, now we phase diagrams of epitaxial growth. The structure formed
discuss the case af,#wg. When we takevy=0.01,wg  during the growth process depends on the growth parameters
=Ww,/2=0.005, anckgT/J=0.1, the system has kinetically such as growth temperature, barrier energy, and the ratio of
induced oscillatory ordered phase as shown in Fig. 9. Weharacteristic adsorption rate and atomic exchange rate. At
find xg/xa=wg/W,, which means the concentration is de- low temperature, the frozen-in disordered phase is formed
cided by the characteristic adsorption rate. There are peaks tue to the low exchange rate of atoms, while the entropy
the curves of the order parameter as shown in Fig. 9. Thejnduced disordered phase is formed at high temperature. The
are caused by the difference betwewpn and wg. When  ordered phase is formed at moderate temperature. We have
wg>W,, the peaks appear in the curvesgf, and when found that there is a kinetically induced oscillatory ordered
wa>wWg, the peaks appear in the curvesgf. When the phase in addition to the equilibrium ordered phase in the
characteristic adsorption rate of one species is bigger, thekinetic phase diagrams. This oscillatory ordered phase is
will occur one sublattice firstly, which leads to the peaks incaused by the nonequilibrium kinetics of the growth pro-
the curves of the order parameter. cesses. The next-nearest-neighbor interaction tends to reduce
the temperature range of the oscillatory ordered phase. The
difference of the characteristic adsorption rates leads to the
E. Effect of the chemical potential difference of the concentrations and the peaks of the order
parameters. The effects of the chemical potentials, the char-
We consider the cases @fy+# ug. When we takeu,= apteristic exchange rates, and the bar_rier energies are also
—0.02 eV andug=—0.01 eV, the order parameters of the d|§cussed. In .the real sy;t_em, this oscillatory ordereq phase
system are shown in Fig. 10. WhéaT/J=0.05, the con- rmght o.ccur.wnh the condition that the next—qearest—ne|ghbor
centration ofA atoms is lower than that & atoms in the odd '”t?fac“or? IS no_t strong as 'compared with the n'earest-
layers but the concentration of two species is nearly equal i eighbor interaction such as n CuA(R_ef. 27 and '.\I.'AI
the even layers. There are peaks in the curvegsofSimilar Ref. _28 alloys. It_ occurs with the experimental condition of
to the effect ofEQ) andEQ), the evaporation rates are dif- '€ Nigher deposition rate.
ferent whenu,# wg . For the case of Fig. 10, the substrate is
with P4=P£=0.5 initially. The evaporation rate in the first
layer is large and the first layer forms the ordered structure
(P2=1, PR=0). Then the evaporation rate in the second
layer is low and the second layer forms the disordered struc- This research was supported by National Key Program of
ture (Px=P£=0.5). The concentrations of two atoms are Basic Research Development of ChinéGrant No.
different becausgua# ug in the odd layers , which leads to G200006710¥and the National Natural Science Foundation
the peaks in the curves of;. of China under Grant No. 10274036.
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