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Ordering and metastable state during the growth of fcc alloy monolayers
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The kinetics of ordering in fcc alloys during the growth ofG1) 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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[. INTRODUCTION In this paper, we study the kinetics of ordering in alloys
during a monolayer growth. The evolution of the concentra-
Epitaxial growth has been used with layer-by-layer con-tions and order parameters during the growth is calculated.
trol over growth of materials. It is found that II-V semicon- We will show that there are transient and metastable ordered
ductor alloys exhibit long-range ordeP when grown by the ~states in the system during the growth. The influence of the
epitaxial method despite the fact that the bulk phase diagraréirowth parameters on the kinetic process is discussed.
predicts phase separation at growth temperature. Epitaxial N Sec. Il we describe the methods. Section Il presents
metal alloy shows various ordering behaidiThe amount the results'of the klnetlc;s of ordering during the growth.
of long-range order and its presence depend sensitively opection IV is the conclusions.
the growth conditions. Saito and Nu-Krumbhaat used a
kinetic mean-field theory in pair approximation to discuss
the crystal growth. Venkatasubramariateveloped the ki-
netic mean-field model to treat the growth of an alloy with  \We consider the growth layer of an fcc alloy in tf@01)
short-range order. Smith and ZangWlllused the kinetic direction. The system consists of three components: two spe-
mean field to study the interplay between compositional orcies of A andB atoms and vacancfV) on the growth layer.
dering and surface roughening during the epitaxial growth offhe surface of an fcc alloy is a square lattice as shown in
a binary alloy. The Monte Carlo method has also been useBig. 1. To describe the ordering of the system with nearest-
to simulate the growth of phase separating atby$and  neighbor and next-nearest-neighbor interactions, we divide
ordering alloy$*** on the morphology and the scaling be- the lattice into four sublattices. In the mean-field approxima-
havior of the system. tion, the configurations of the system are described by the
The epitaxial growth of alloys is a nonequilibrium processsite probabilities. P? is the probability occupied by
controlled by various relaxation processes such as the surfage- A B,V) species ins(e,3,7,5) sublattices on the growth
diffusion, adsorption, and evaporation. It was shown thajayer at timet. Here P satisfies the normalization condition
tran5|ent ordered_states can be fqrmed in various syste_nyi:A’B’Vpis(t)zll We consider the nearest-neighbor and
during the r%e_‘)l(?t'on of a nonequilibrium state to the equi-e,¢ hearest-neighbor interactions of atoms in the growth
librium state.>"The occurrence of these transient orderedy o ess Then the atoms in the growth layer have the inter-
states is due to the multiple characteristic times during th‘gctions with the first two layers of the substrate. The growth
relaxation process. When the evolution of the system is con-
trolled by the multiple relaxation rates, the system can first
reach a kind of transient state through the kinetics process (B\ /8\ /@
with faster relaxation rate. This transient state is a relative °/ U/ \E
stable state. As other relaxation processes become functional,
the system gradually relaxes to the equilibrium state. In the
kinetics of ordering in alloys, there are multiple characteris- P f@ /A
tic times for the atomic migration that control the relaxation yj U/ Y
of different atomic species, which leads to transient states on
its relaxation path to the final equilibrium pha<é®For ep-
itaxial growth, in addition to the diffusion process, there are N\ N\ /T
other two relaxation processes: i.e., the adsorption and @/ @ @
evaporation process. This can result in transient and meta-
stable states in the growth process due to multiple relaxation FIG. 1. Four square sublattices 3, vy, and é for the (001)
times. codeposition layer.

II. METHODS
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process comprises the three relaxation processes such as mje, the energy barrier factor exp(8U;)), the site probabili-

surface diffusion, adsorption, and evaporation procesges. ties P* and P?, and the bond broken factor for the atom-
the following, we will describe the calculation of these threevacancy exchange®” . ThenY?” is given by
- 1]

processes.
S U
A. Atomic diffusion process Yic}/'y: szpijﬁyyij eXF{ﬁ ' 1)
We assume that surface atoms migrate by means of the B
surface diffusion whereby afy or B atom jumps to an empty ) )
nearest-neighbor adsorption site. We use the micromastéthereU;;=Uq+AE;;/2 is the energy barrier for the atom-
equation metho§2°to describe the atomic diffusion pro- vacancy exchangéJ, is the average barrier height for the
cess. We can define the basic exchange probability functiotomic mterchangeArl]Eij is the eﬂe[)gy difference for the
ss/ o0 . _atom-vacancy interchange. Each basic atom-vacancy ex-
D:(ilcjas(tgﬁ I;Leb?;ft?:;tz::jej chgcﬁggeoﬂrzz%?;&% :,et(vc\),ﬁ?ﬁf change is affected by the interactions with the species on the

. X o : neighboring 18 sites if we consider only nearest-neighbor
them is a vacancy) in unit time. We consider only the and next-nearest-neighbor interactions. There is an factor

nearest-neighbor exchanges. There are 16 varietié‘s?jst/)f exp(—AE;/2kgT) due to the influence of the neighboring
We takeY{j” as an example to show the evaluationYé]is . species on the exchange. The bond broken faatdt is
HereYj;” is proportional to the characteristic exchange rategiven by

1 2 1 2 1
wﬁ7=[2§ Pfem{ZKBT(Eﬁ%—Eﬁb)}[jg Pfex%ZKBT(Eﬁt—Eﬁh)}[;; Pgem{ZkBT(Eﬁt—Eﬁb)}

[ -1 -1 -1 2
@ (1)_ (1) d (1) _ (1) _ " (@) _E2)
X_; Pkex;{ ZkBT(Eik Eji ))sz PkeXF{ 2kBT(Ejk Eik ))eXF{ 2kBT(Eik Eji )”

[ -1 -1 2 -1
p (g 2)_g@ (Wegyd —— (EMW— gD
x_j? Pkexp(ZKBT(Eik Ejk))exp(ZkBT(Ejk Em))}[;; P exp(ZkBT(Ejk Ee )}

[ -1 -1 -1
(1)9, (1)_ @) (Da _ ~ ((EW_® (1)9, _ T (EW_g®m
X_Ek Pk exi{ 2kBT(E]k Eik )>:||:; Pk ex;{ ZkBT(Eik EJk )):H; Pk eXF{ 2kBT(Eik E]k )):|

[ -1 -1
(2)a (2)_ g2 (2) _ ~ (E@_E2)
X_Ek F)k eXF( 2kBT(E]k Eik )>}[Ek Pk yeXF{ szT(Eik E]k )}! (2)

where E{ (k=1,2 for the first- and second-nearest- The negative sign means that it contributes to the decrease of
neighbors, respectivelyis the pair interaction energy be- Py The eva_poration atoms have bin_ding inter.actions with

tween thei andj atoms.P{)® represents the site probability the neighboring atoms and these binding energies need to be
of k species in the sublattice on the substrate layar (i overcome for the evaporation. This leads to the bond broken

—1,2). They are constant in the growth process. We can gd@ctor for the evaporatiol’? which is given as

otherwff' similarly. E(2) 14 ED) 12
ve=|3 eten{ ]| |3 pre 11|
B. Evaporation
E(D) ]2 ED
We defineZj(t) as the evaporation probability per unit x| D PfeXF< '_k” [H > P(kl)”exp( '_k”

time of thei species from the sublattice at time. HereZ} K KeT vk KeT
is proportional to the characteristic evaporation nate the E(2)
site probability P? of the evaporation atom, the chemical x| > P(kz)“exy{ '—k) : (4
potential factor expt w; /kgT) (w; is the chemical potential of K keT
thei specieg and the bond broken factor for the evaporationv{’, V7, andvf can be calculated similarly.
V. Z7 is given as follows:

C. Adsorption

Zf(t)z—infP?ex;(_—Mi). 3) . We defipexf(t.) as the adsorp_tion prpbability pesr_unit
kgT time of thei species on the sublattice at time. HereX; is
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proportional to the characteristic adsorption rat¢, the  merically by the Runge-Kutta method. Initially the growth is
chemical potential factor exp(/ksT), and the vacancy prob- empty. The growth process is described by the evolution of
ability PY: the concentrations and the order parameters governed by the
above differential equations.
Mi
XS=w/ Py ex;{—
i itV kBT
In this form of the adsorption probability, the characteristic
adsorption ratev; is equal to the characteristic evaporation In our calculations, we consider the first- and second-
rate w; due to the detailed balance condition between théearest-neighbor interactions. Only the first two layers of the

- ©)
Ill. RESULTS

evaporation and the adsorption. substrate have an influence on the growth process. The con-
figurations of the substrate are fixed. During the growth, the
D. Kinetic equations temperaturel and the chemical potentials which control the

concentrations of the atomic species are kept constartt. At

. . - C : =0, the coverage of the two atomic species is zero. We have
ential equations describing the kinetics of growth by includ-cgcyated the kinetics of ordering during the growth with the
ing all the three contributions from the atom-vacancy ex-

; : _ variation of the growth parameters. For the ordering of the
change, evaporation, and adsorption processes: codeposition layer of fcc metal alloys and I11-V semiconduc-

d tor alloys, generally four sublattices are needed to describe

d_picvzz[ygiv_yfy]Jrz[ygf_ Yiﬂ(/5]+zia+ X, the ordered phases on the codeposition layer and there are
t two kinds of ordered phas&s, andO, described by the four

sublattices. Both first- and second-nearest-neighbor interac-

From the above analysis, we can get the following differ-

d PE=2[YEY—YE 1+ 2[ YEO - YBI1+ 2P+ XF | tions should be considered for the formation of these ordered
dt phases. For the codeposition layer of the metal alloys with
q CuAu-like structure, the ordered phaseQs which favors
Y o orver_ ey BY_ By Yoy the first-nearest neighbor bonds of different species. Many
dtP 2V =Yl TH 2LV = YT+ 2T XY epitaxial 11I-V semiconductor alloys showingl, (CuPt-

like) superstructure¥, the structure of(001) codeposition
layer isO, which favors the second-nearest-neighbor bonds
of different species. In order to comprehend the kinetics of
. ] ) ordering during the growth process for the system with the
The grovvth process is described by the concentrations of thgrdered phase®; andO,, we have taken the energy param-
atomic species and the order parameters. The atomic cOgters exhibiting ordered phas®s andO,, respectively. The
figurations is determined by the occupation probab®fyof  types of kinetic path for the growth corresponding to the
i species(=A,B,V) in the sublattices. The symmetry of the  ordered phase®, andO, are calculated. In order to inves-
atomic configurations of the phases are generally describeghate the effects of the kinetic parametéssch as tempera-
by the following independent order parameters related to theyre and the characteristic timesn kinetics of the growth,
site probabilityP; the evolutions of the structure with the variation of the ki-
netic parameters are calculated. For the ordered pBase
the interaction energies are taken &§3=—0.6, E{Q
=E{)=-0.1, andE@=-0.1, ERQ=E@)=—0.6. For the
ordered phas®,, the interaction energies are takenE#g
=-0.1, EQ=E}=-0.6, and EQ=-0.6, EQ=ES
_ =—0.1. We takev,y= vgy and denoterp = vy =wv,y. The
wherei=A and B. The order parametey; indicates the barrier energies are taken ¥gc=Vgc=0.6.
atomic configuration between the nearest-neighbor sites of Figure 2 shows the evolution of the concentrations and
specied. Similarly, other order parameters, and y; show  the order parameters for the ordered ph@geThe structure
the atomic configurations between the second-nearesef the substrate is taken as ordered one. Since the atomic
neighbor sites. The values of these parameters define thateractions favor thé\A and BB atom pairs of the second-
following phases with different symmetry(d) disordered nearest-neighbor between the second-nearest-neighboring
phase:y,=0; (2) O;: Y,#0, y,=195=0; (3) O,: y,=0, layers, .the orQer parameters of the growth layer have the
¥,#0, y4#0. The concentrations are related to the siteS@Me Signs with those of the second layer of the substrate.
probability P§ as follows: The structure of the first substrate layer has no influence on
the ordered parameters of the growth layer because each lat-
1 tice site of the growth layer has the first-nearest-neighbor
Ci=Z(Pia+ PE+PY+P)). (8 interactions with the lattice sites of all the four sublattices of
the first substrate layer. Therefore, the second-nearest-
The coverage of the layer is the sum of the concentration ofieighbor interactions determine the stacking structure along
the atomic species. The differential equations are solved nuhe growth direction. Figure 3 shows the evolution of the

d
GiPT=2AYV YR 2AYR - YE I 20X (9

=Py PPy P
Yo=P{—Pf,

Ys=P7—P} (7)
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for ordered phas®, at the temperaturkez T= 0.3 and the chemical
174 potentialsu,=0.5 and ug=0.25. Herew,/vp=5/4 andwg/vp
=5/8. (a) Curves for concentrationgb) curves foryf, yé, and
FIG. 2. Evolution of the structure parameters during the growthy3 , and(c) curves fory;, 5 and ;.
for the ordered phas®, at the temperaturégT=0.3 and the

chemical potentialgi,=0.5 andug=0.25. Here""A/”Dzlig and  gitferent kinetic processes controlled by two characteristic
Wg/vp=1/16.(a) Curves for concentrationé) curves fory,', and  rates: j e, the characteristic exchange rate and the character-
72, andys, and(c) curves fory?, 7, andys. istic adsorption rate. From our calculations, the peak occurs
only within certain range of the ratio between the character-
concentrations and order parameters for the ordered phasstic exchange rate and the characteristic adsorption rate.
O,. The atomic interactions favor the and B atom pair of ~ When the characteristic exchange rate is small enough that
the second-nearest-neighbor between the second-nearegfe adsorption rate of atoms on a sublattice is always larger
neighboring layers. The order parameters of the growth layethan the migration rate of atoms, the site probabilities on the
have the opposite signs with those of the second layer of theublattice will always increase to approach the equilibrium
substrate. From the figure, we can see that the kinetic procegalues. Otherwise, when the characteristic exchange rate is
has the similar features as that for the ordered plase large, the atomic migrations are very fast during the growth
process and the configuration of the atoms is always in a
relative equilibrium state in a certain tiMieThe site prob-
abilities in each sublattice in a certain tirhedescribe such a
The evolutions of the site probabilities 8fatoms on the quasiequilibrium state and thus there is no peak in the curve
sublatticesy and § have fluctuation during the growth pro- of the site probabilities for the case of large characteristic
cess. There is a peak in the evolution curves. The mechanisexchange rate. In a constant-temperature process, the ex-
for the occurrence of the peak is as follows: Due to thechange rate and the adsorption rate are proportional to the
ordering effect, there are migrations of theatoms among exponential terms of the energy barrier and chemical poten-
different sublattices. When there are mdratoms jumping tials. These terms are the controlling factors of the process.
from the sublatticey and 5 to the sublattices andBthanA  The results show that the peak in the evolution of the site
atoms deposited onto the sublattieeand 6, the decrease of probability occurs only when the difference between the
the site probabilities ofA atoms on the sublatticegand §  characteristic exchange rate and the characteristic adsorption
occurs. This phenomenon is due to the existence of the tweate is small. For the evolution of order parameters as shown

A. Effects of the characteristic rates
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- The concentrations of the atomic species on the growth
% 0.0r layer depend on the characteristic adsorption rate, chemical
% o1 2, potentials, and growth temperature. Figure 5 shows the ratio
5 | = of the concentrations oA atoms andB atoms for the meta-
= 02} o ? stable state as a function of the ratio of two characteristic
g K atomic evaporation rates at the temperatiag@=0.3. The
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04 -5 * I-3 . ‘-1 * ” 1 n p 3
10 10 10 10 10

CA_WAquMA/kBT) 9
D C_B_WBeXIi/LB/kBT) ( )

FIG. 4. Evolution of the structure parameters during the growthThe dotted line is the numerical result which is in good
for the ordered phas®; at the temperatur&zT=0.3 and the agreement with solid line for Eq9). Equation(9) shows
chemical potentialgi,=0.5 andug=0.25. Herew,/vp=5/4 and  that the relation between the concentrations of the spécies
W /vp=5/8. (&) Curves for concentrationgbh) curves fory}, 2, andB is determined by the adsorption process. With the in-
andy}, and(c) curves fory?, 7, andys . crease of temperature, the effect of evaporation will be more

significant. Since the grown state is a metastable one, it will
in Figs. 2b) and Zc), it can be seen that there is a transientdevelop to the equilibrium state with the increase of the
state in the growth process. The order paramgfechanges growth time and the ratio between the two atomic concentra-
from zero to a maximum value and then the order parametdfons will approach to that for the equilibrium state.
changes from the maximum value to the equilibrium value.
The peak of the order parametgx corresponds to those of B. Influence of temperature

the site probabilities oA atoms on the sublatticegand é. We have investigated the evolution of the order param-

Figure 4 shows the evolution of the order parameters for &ers and the concentrations during the growth process with
smaller characteristic exchange rate. The other growth pane variation of temperature. The results for the temperature
rameters are taken to be same as those of Fig. 2 for COMpag-T=0.6 is shown in Fig. 6. For comparison, the other pa-
son. As shown in Fig. 4, both the peak value and the equirameters except the temperature are taken to be same as
librium value of the order parameter, are smaller than those in Fig. 2. As shown in Fig. 6, there are two stages of
those of Fig. 2. When the atomic migration rate is slow, theevolution in the growth process. In the first stage, the ordered
atoms have less time to adjust their configuration. Since thghaseO, has smaller order parameters. The kinetic process
concentration of vacancy decreases exponentially as thie similar with that in low temperature shown in Fig. 2. In the
growth proceeds, the diffusion rates for the atomic spe&ies second stage, the system relaxes to an ordered phase with
andB become very small due to the low vacancy concentrahigher long-range order. The site probabilities of hatoms
tion in the late stage of the growth and the atomic configu-on the y and & sublattices increase in the beginning of the
ration become frozen up. The system relaxes to a metastabliest stage and then settle to the steady values. In the second
state with smaller order parameters. In the next subsectiostage of the growth process, the site probabilities of Ahe
we will show that the system will relax to the equilibrium atoms on they and § sublattices decrease to the equilibrium
state if the growth time is long enough, but the relaxationvalues while the site probabilities of tH& atoms increase.
time to the equilibrium ordered state increases exponentiallfhis leads to an increase of the order parameters. The curve
with the decrease of the temperature. of concentrations also show corresponding variation. The
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FIG. 6. Evolution of the structure parameters during the growth  FIG. 7. Evolution of the structure parameters during the growth
for the ordered phas®, at the temperaturégT=0.6 and the for the ordered phas®, at the temperatur&zT=0.9 and the
chemical potentialgta=0.5 andug=0.25. Herew,/vp;=1/8 and  chemical potentialgt,=0.5 andug=0.25. Herew, /vp=1/8 and
wg/vp=1/16. (8) Curves for concentrationgb) curves for y;, wg/vp=1/16. (a) Curves for concentrationgp) curves for y’f,
¥4, andvys, and(c) curves fory?, v5, and45. ¥5, andvys, and(c) curves foryg, v5, and+5.

concentrations of the speci@sandB approach to the steady B atoms and secon(_j-nearest—neighbor pairs of the same kinds
values in the first stage of the growth process, which correof atoms. After the first stage of the growth process, there are
sponds to the plateau of the curves shown in Fig).6The ~ MOreA atoms on thex and B sublattices and morB atoms

ratio between the two atomic concentrations satisfies relatiofn they and & sublattices. As a result, theatoms on they

(9). The concentration of each atomic species readjusts t8nddsublattices are easier to evaporate tharBlaéoms due
reach the equilibrium values in the second stage of thé0 the smaller broken bond energy with thetoms on thev
growth process_ The concentration of the Speéidecreases andB Sublattlces. Th|S |e§.ds to a decrease Of the Cpncentra—
after the plateau variation and the concentratioB species  tion of A atoms and an increase of the concentratiorBof
changes in an opposite way. The equilibrium concentrationdtoms. As feedbackd atoms on thex and 8 sublattices are

of A and B species can not be described by relatiopbe- ~ more difficult to evaporate and the site probabilities Aof
cause the equilibrium arises from a correlated effect oftoms on thea and B sublattices increase. Therefore, the
evaporation and adsorption. Now we make some analysis o?fder parameters increase in the second stage of the growth
the physical mechanism for this phenomenon. In the secon@rocess. In brief, the first stage of the growth process is de-
stage, the coverage is almost full. The concentration of vatermined by the adsorption and atomic exchange processes
cancy is very small and the atomic migration is slow. Theand the second stage of the growth process is controlled by
variation of the order parameters is due to the readjustmerife evaporation process. Figure 7 shows the evolution pro-
of the atomic concentrations. With the increase of temperacess for the temperatukgT=0.9. In comparison with Fig.
ture, the evaporation rate becomes larger and the effect & the period of the first stage is reduced. Since the evapora-
evaporation on the kinetic process of the system becomdipn effect is more significant, the period of the first stage
significant, especially in the case of a low concentration ofdecreases with the increase of temperature. The order param-
vacancies. Therefore, this phenomenon is mainly due to theters of the ordered phase in the second stage of the growth
high evaporation rate at high temperature. The evaporatioRrocess decrease due to the entropy-induced disordering. We
depends on the characteristic evapora’[ion rate, chemical péan define the lifetime of the metastable ordered state as
tentials, and bond broken factor. For the ordered piage  ™m=tlc,=(c,+cortlc,~c, 2. WhereCy, is the maximal

the pair interaction favors the nearest-neighbor pai's@fd  concentration of the species for the metastable ordered
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We have investigated the evolution of the system with the ',
variation of the chemical potentials. Figure 9 shows the evo-
lution process for the chemical potentials,=0.08 andug FIG. 9. Evolution of the structure parameters during the growth

=0.05 which are smaller than those of Fig. 7. In comparisorfor the ordered phas®, at the temperatur&sT=0.9 and the
with Fig. 7, it can be seen that the time period for the systenfhemical potentialg., =0.08 andug=0.05. Herew, /vp=1/8 and

to enter into the first stage of the growth process becom@’gl VD:1£16' (@ Curves for cancegtratlons{E) curves foryr,
longer and the lasting time of the plateau region in the firsf’2» @1dvs, and(c) curves foryy, y;, andys.

stage is reduced. Thus the relaxation time of the first and

second stages of the growth process is reduced. When the

chemical potentials are decreased, and the adsorption ratiee metastable ordered state decreases with the increase of
decreases, which makes the growth process slower. The di&mperature. The first stage of the growth process is mainly
crease of the chemical potentials also makes the effect of theontrolled by the adsorption and the atomic exchange
evaporation on the growth process stronger. In the secorfocess. The ratio of the concentration of the two atomic
stage, the stronger evaporation effect makes the system relgRecies for the metastable ordered state is give€biCg

to the equilibrium state faster. =WaeXp(ualkgT)/Wg exp(ug/ksT). The lifetime for the
metastable ordered state increases exponentially with the de-

crease of the temperature. The second stage of the growth
process is mainly governed by the evaporation and the
IV. SUMMARY atomic exchange process. The evaporation and the adsorp-
tion rate depend on the chemical potentials of the atomic
. . N . . species. For the case of large chemical potentials, the evapo-
We have investigated the kinetics of ordering during theyation is weak and adsorption is the controlling effect. With
growth of a(001) monolayer in fcc alloy. The evolutions of {he decrease of the chemical potentials, the evaporation is
the structure are calculated. There is a transient ordereghore effective. Thus the decrease of the chemical potentials
state during the growth process due to the correlated effect ¢fas a similar effect as the increase of temperature.
the atomic migration and adsorption. The occurrence of the
transient ordered state depends on the ratio of the character-
istic atomic exchange rate to the characteristic evaporation ACKNOWLEDGMENTS
rate. There are two stages of the evolution in the growth
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