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Transient Ordered States during Relaxation from a Quenched Disordered State
to an Equilibrium Disordered State
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We have investigated the kinetics of a ternary system using the cluster variation method and the path
probability method in the pair approximation. From the calculated metastable phase diagram and kinetic
path of the system, we demonstrated the existence of transient ordered states during the relaxation from
the completely disordered state to the equilibrium disordered state due to the difference of relaxation
time for the three species of atoms in ternary alloy. This suggests that it is possible to obtain an
ordered state in a quenching process of ternary alloy in the disordered phase region of equilibrium phase
diagram.  [S0031-9007(97)04568-7]

PACS numbers: 64.60.Cn, 64.60.My, 82.20.Mj

Nonequilibrium kinetics of materials plays an importantenergy. This Hamiltonian is equivalent to the spin-
role in materials growth. In recent years, new experimeni Blume-Emery-Griffiths (BEG) [7,8] Hamiltonian by
tal methods such as rapid quenching, laser processing, ianapping the spin; = {41, —1, 0} onto the specied, B,
beam bombardment, and various epitaxial processes haeadC.
been used to prepare materials that are not in an equilib-
rium state thermodynamically. For the kinetics of order- 3 = J D sisj — K> sis?+ LY (sts; + sis?).
disorder transformation [1—4] without phase separation, {i.j} {i.j} {i.j}
there are two usual processes. The one is the process (2)

that a d|§ordered phase develops to an Qrdered phase tﬂrme chemical potential terms are not included in Eq. (2).
the kinetics of a quenched system from high temperature[he energy parameters of the BEG Hamiltonian are

The Other 1S the. process that an ordered phase relaxgs rSlated to the atomic nearest-neighbor interaction energies
an equilibrium dlsordered_ phase Whlch refers to annealmgn the alloy Hamiltonian by the following equations [8]:
of a system. Generally in a quenching process the dis- ’

ordered configurations of a system in a high temperature 4] = Eap + Epp — 2Esp, 3
are preserved (such as the quenching process to produce

the amprphous state from_ the .quuid state). It is gener- 4K = —Eas — Egp — 2Eap — 4Ecc

ally believed that no ordering will occur when an alloy is

quenched to a disordered phase region of an equilibrium + 4(Eac + Esc), (4)
phase diagram. However it is found that transient order-

ing can occur in quenching phase-separating alloys in a 4L = Eaa — Epp + 2(Epc — Eac)- (5)

binary system [5,6]. In a ternary alloy, there are more
time scales for different components to relax and a S|gn|f|-used to describe phase transition’ie-*He mixtures [7]

cant difference in the kinetics can arise. with a very rich phase diagram [9,10]. In the following

In .th's Letter, we de_monstrate the existence .Of 4ve will show our results on a two-dimensional honey-
transient ordered phase in a ternary system in its klnetl&)mb lattice (; = 3) as a representative case. The re-
process from the completely disordered state to theéults for the square lattice are similar. First we calculated

equilibrium disordered state and also some other featur . ariat
of the kinetics of the system. This suggests that it igﬁe phase diagrams of the system by the cluster-variation

ible to obtai dered state i hi method [11,12] in the pair approximation. In the pair ap-
possibie 1o obtain an ordered staté in a quenching proce ?oximation, the oriented-pair probability that aratom
of the system in the disordered phase region of th

equilibrium phase diagram. We describe a ternary systenswn ane sublattice site is bonded to af atom on ap
A.B,C\_._, by the lattice gas with the Hamiltonian ublattice site is represented By, and the probability

that ans atom occupies an sublattice site is represented
H = ZZZEM?C‘}I, (1) by P¥. The symmetry of phase in the system is deter-

{ij) s mined by the site probability’®. We can also describe

where z is the coordination number of the lattice. The the phase by the magnetization and quadrupolar moments

variable c; = 1 if the site i is occupied by ans (= A,  of the sublatticesr and 8 in the BEG model.

B, C) atom and is zero otherwise. The notat{ej} means o B

the summation over the pairs of nearest-neighbor lattice Mo = (Sidar  mp = (Sidp

sites. E,y represents the nearest-neighbor interaction da = Dar g = (g (6)

he spin-1 BEG model is a model which originally was
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The values of these parameters define the followingaind B atoms are different. First we analyze an extreme
phases with different symmetry: (1) the disordered phasecase, i.e.,A atoms move much slower thaB and C

me = mg, g« = qp; (2) the ordered phas@;: m; # 0, atoms. The initial state of the system is chosen to be
mq # mg, the signs ofm, and mg are contrary; and in a highly disordered state, for example, quenched from
(3) the ordered phas@,: m, = 0ormg = 0, go # qp- high temperature. The system will relax to its equilibrium

Since the alloy Hamiltonian of Eq. (1) and the BEG state in two stages. In the first stage, oBlgndC atoms
Hamiltonian are equivalent, there are only three indepenmove whileA atoms are in a state of relative rest because
dent energy parameters such gsK, L to describe the A atoms move much slower thad and C atoms. The
equilibrium phase diagram. There are six independengdystem evolves to a metastable state in whiclatoms
nearest-neighbor interaction energies. Therefore, there iremain in their disordered configuration afland C
no one by one correspondence between energy param@&oms have relaxed to their local equilibrium state. After
ters/, K, L and nearest-neighbor interaction energy. the system reaches the metastable state, the evolution
We choose the interaction energiesiag = Egg = 1.0,  process enters its second stage. In the second stage,
Eap = 0.8, and Exc = Egc = Ecc = 0.0 which cor- atoms slowly move and the whole system relaxes to its
respond to the energy parameters= 0.1, K = —0.9, final equilibrium state gradually.
andL = 0.0. The system with such energy parameters is We have calculated the metastable phase diagram of the
expected to exhibit no phase separation. Figure 1 showsystem. In the calculation, we used the modified Kikuchi
the calculated equilibrium phase diagram of the systemapproximation [15] in order to study the metastable phase.
The compositions oA and B atoms are taken to be the SinceA atoms are randomly distributed in the metastable
same §;, x, andx; are used to describe the composi- state, there are thus three constraint equations to represent
tions of component#\, B, and C, respectively). In the the random distribution of atoms.
phase diagram, there are two ordered pha¥eand O,.

In the ordered phas@,, componen(C is disorderly dis- ZPAS = Xxi, ZPSA = xi, Pag = x%. (7
tributed and the ordering occurs betwe&rand B atoms s s

which reflects the usual binary ordering scenarid\@nd  The dotted line in Fig. 1 is the calculated metastable phase
B atoms. In the ordered phag®, the ordering occurs diagram. It is interesting to note that the ordered phase
between componentS andA + B. Between the ordered region of the metastable phase diagram is not all included
phaseO; and the ordered phas®,, there is a V-shape in the ordered phase region of the equilibrium phase
disordered region. Our calculated equilibrium phase diadiagram. Some of the metastable ordered phase region
gram agrees well with the previous results on the sameverlaps with the equilibrium disordered phase region. It
system [4,13,14]. means that a transient ordered phag will occur in

In the following, we consider the kinetics of the system.the first stage of kinetic evolution of a highly disordered
Two factors affect the kinetics of the system: (1) thephase in the overlapping region A& atoms move much
atomic interaction energy and (2) the activation barrierslower. Since the equilibrium phase of this overlapping
height. Generally the activation barrier energiesfof region is the disordered phase, this transient ordered phase
will evolve to an equilibrium disordered phase finally.
Therefore its kinetic route is expected to be disordered
state-ordered state-disordered state. From Fig. 1 it can
05r be seen that the region of the metastable phagealso
overlaps with that of the ordered phases and O,. In
the overlapping regions between the metastable pbgse
with the ordered phase3, and 0,, we also expect that a
transient ordered state characteristiodgf occurs during
the relaxation from the initial disordered phase to the
ordered phase®, and O, if A atoms move slower.

We employ the path probability method (PPM) [1,2]
to investigate the nonequilibrium evolution process. The
path probability method can be shown to be equivalent
[16] to the master equation method [17] in the pair
approximation. In the kinetic process, there are two
FIG. 1. Calculated equilibrium phase diagram (solid line)atom movement mechanisms: (1) the direct interchange
and metiiStatbhleth%hgzirdiaggf;mgggd |in8)gaetVStgiChi0meter an atom with a nearest-neighbor atom (atom-atom
X1 /xp =1 wi = 0. , = i ;

EIB/B z 1.0 eV. kg is theggoﬁzmann coggtantol and 02Aare Int_erchange) and (2) the Interchang(_e of an atom with an
two ordered phases in the equilibrium phase diagram @pd a(;ljacent vacancy (vacancy mechanism). A ggneral case
is the ordered phase in the metastable phase diagram. TNl combine both two atom movement mechanisms. We
disordered phase is indicated dis consider a representative kinetic mechanism which allows

kgT (eV)

0.8 1.0
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only the interchanges between componehtsndB with  codeposition monolayer of two atomic constituents onto a
componentC. This mechanism is used in the following crystal surface [4] rather than the kinetics of bulk binary

two systems: (1) a conventional ternary alloy with aalloys mediated by a very small vacancy concentration.
direct atom interchange mechanism with the conditiorOther kinetic mechanisms can lead to a quantitative
that theA-B atom interchange is much slower than otherdifference in the kinetics of the system but quantitative
atom interchanges and (2) a quasiternary system with twfeatures will remain.

atomic constituents and one vacancy component with an In order to investigate its kinetic behavior we have

atom-vacancy interchange mechanism. We are concerneded the PPM in the pair approximation. There are six
with the case of the full range of vacancy concentratiorindependent pair probabilities which are characterized by
which can describe the ordering and disordering of thhree long-range order (LRO) parameters

71=PZ—P5, 72=P§—P§, Y3 = Pac — Pca, (8)
and three short-range order (SRO) parameters
Y4 = Pac + Pca, Ys = Ppc + Pcs, Y6 = Pap + Ppa. 9)

The LRO parameterg, andy, have opposite signs in the 10¢ at+ = 0 to describe the incipient fluctuation. The
ordered phas®;. In phase0,, these LRO parameters differential equations describing the kinetics of the system
have the same sign. In the disordered phase all the LR@ere integrated numerically using Gear's method [18]
parameters are zero. appropriate to stiff differential equations. The equilibrium
The pair approximation of the PPM leads to a set ofvalues obtained from the kinetic equations at a sufficiently
six coupled nonlinear differential equations which has thdong time reproduced those obtained from the phase
form diagram calculation.
d Figure 2 illustrates the evolution of the LRO parame-
i vi(t) = fi(Ta, 7B, ¥1, Y2, V3, ¥4, ¥5. ¥6)» ~ (10)  ter at a typical point in the overlapping region. We have
takenrt, /73 = 10°. There are two types of transient or-

where dered state. One (denoted by symiop|) has the char-
TA = TacC exd_M) (11) acteristic of the metastable phaég, in the metastable
ksT phase diagram of Fig. 1. The other (denoted by symbol
2(Egc — Ecc) 0,,) has the characteristic @f; because its LRO parame-
TB = TBC eXF<—kB—T>~ (12)  tersy, andy, have the opposite sign. It shows that the

. e kinetics of the system is more complicated than that from
Txc is the diffusive rate forA atoms and compone® e mere analysis of the metastable phase diagram. The
(C atoms for direct interchange or vacancies for vacancyy stem first evolves to the transient ordered statechar-
interchange). 7z¢ is the diffusive rate forB atoms and  geeristic of0,, in which vy, is zero andA atoms remain
componentC. 7, and 75 are the time scales for the gisordered. After thaty, becomes nonzero gradually and

relaxation ofA and B atoms, respectively. WheBac, has the opposite sign o while the absolute value of»
Egc, and Ecc are taken to be zerory, = 74c and

T = Tpc. Becausers, and 7z depend OnEsc, Epc,
and Ecc, even in the case,c = 7pc, 74 and g could
be much different ifE4c and Epc are much different.
Different sets ofE,, with the same/, K, L lead to the 0.2f T
same equilibrium phase diagram. From Eq. (10), they
give only different time scales, and 73. The other
factors in Eq. (10) depend only oh K, L. Therefore, the
interaction energyE,, affects the kinetics of the system
only through the energy parametefsk, L and the time
scalesr, andrp.

We have made the calculation on the kinetics of the
system in the overlapping region between the equilibrium 045 80 55 50 45 40 35 3.0
disorder phase (d) and the metastable ordered pbase logo(t/t)
in Fig. 1. The initial state is chosen as a completely _ _ o
random state which can be obtained by quenching thE!CG: 2. Evolution of the LRO at a typical point in the

. . overlapping region between the equilibrium disordered phase
system from high temperature. Thus the |n|t|§1I yaluesand the metastable ordered ph#kg with the compositions of
of the SRO parameters are those characteristic of fyree components, = 0.35, x, = 0.35, andx; = 0.3. kT =
completely random state. The LRO parameters are set ol eV andr,/7z = 10°.

03 —o—y,

LRO
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0.45 In conclusion, we have investigated the kinetics of a
040_—°*74 ternary system. From the calculation of the metastable
s m phase diagram, we have predicted the occurrence of a
o3sf Y|4 s, s transient ordered stat@,, in the kinetic process of the
o) N system in the region of the metastable phasg if one
0301 & of three components has a slower relaxation time. Since
sl MA“‘A °°°°°D the calculation of the metastable phase diagram has no
& relation to the kinetic mechanism, the occurrence of the
020} M ordered state,, in the kinetics of the system does not
depend on the specific kinetic mechanism. We have
015t ———— calculated the evolution of the LRO and SRO using

PPM in the pair approximation. We find that there are
two transient ordered state®,; and O, in a relaxation
FIG. 3. Evolution of the SRO at a typical point in the overlap- from the completely disordered state to the equilibrium
ping region between the equilibrium disordered phase and thgjsordered state in some composition region. When we
Qef s()t.egglleacr)]rddgrezd gga@g,;y Ii] (t)r.lle g\c;rgﬁgiﬁl/o::l::o%S’ qyench the tr{;msient ordered stafg; or Oy in the
disordered region of the phase diagram, we can preserve
an ordered state in a temperature at which otherwise an
becomes smaller ang; changes from a negative value to equilibrium disordered phase should occur.
a positive one. Finally all the LRO parameters become
zero. We could consider the kinetics in the overlapping
region as a competition betwee&n and O, since it is in
the V-shape region betwee&n and0,.
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