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Transient Ordered States during Relaxation from a Quenched Disordered State
to an Equilibrium Disordered State

Jun Ni and Binglin Gu
Department of Physics, Tsinghua University, Beijing 100084, People’s Republic of China

(Received 19 March 1997)

We have investigated the kinetics of a ternary system using the cluster variation method and the pa
probability method in the pair approximation. From the calculated metastable phase diagram and kinet
path of the system, we demonstrated the existence of transient ordered states during the relaxation fro
the completely disordered state to the equilibrium disordered state due to the difference of relaxatio
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 phas
diagram. [S0031-9007(97)04568-7]

PACS numbers: 64.60.Cn, 64.60.My, 82.20.Mj
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Nonequilibrium kinetics of materials plays an importan
role in materials growth. In recent years, new experime
tal methods such as rapid quenching, laser processing,
beam bombardment, and various epitaxial processes h
been used to prepare materials that are not in an equi
rium state thermodynamically. For the kinetics of orde
disorder transformation [1–4] without phase separatio
there are two usual processes. The one is the proc
that a disordered phase develops to an ordered phase
the kinetics of a quenched system from high temperatu
The other is the process that an ordered phase relaxe
an equilibrium disordered phase which refers to anneali
of a system. Generally in a quenching process the d
ordered configurations of a system in a high temperatu
are preserved (such as the quenching process to prod
the amorphous state from the liquid state). It is gene
ally believed that no ordering will occur when an alloy is
quenched to a disordered phase region of an equilibriu
phase diagram. However it is found that transient orde
ing can occur in quenching phase-separating alloys in
binary system [5,6]. In a ternary alloy, there are mor
time scales for different components to relax and a signi
cant difference in the kinetics can arise.

In this Letter, we demonstrate the existence of
transient ordered phase in a ternary system in its kine
process from the completely disordered state to t
equilibrium disordered state and also some other featu
of the kinetics of the system. This suggests that it
possible to obtain an ordered state in a quenching proc
of the system in the disordered phase region of th
equilibrium phase diagram. We describe a ternary syste
AxByC12x2y by the lattice gas with the Hamiltonian

H ­ z
X
hijj

X
ss0

Ess0cs
i cs0

j , (1)

where z is the coordination number of the lattice. The
variable cs

i ­ 1 if the site i is occupied by ans s­ A,
B, Cd atom and is zero otherwise. The notationhijj means
the summation over the pairs of nearest-neighbor latti
sites. Ess0 represents the nearest-neighbor interactio
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energy. This Hamiltonian is equivalent to the spin
1 Blume-Emery-Griffiths (BEG) [7,8] Hamiltonian by
mapping the spinsi ­ h11, 21, 0j onto the speciesA, B,
andC.

H ­ J
X
hi,jj

sisj 2 K
X
hi,jj

s2
i s2

j 1 L
X
hi,jj

ss2
i sj 1 sis

2
j d .

(2)

The chemical potential terms are not included in Eq. (2
The energy parameters of the BEG Hamiltonian a
related to the atomic nearest-neighbor interaction energ
in the alloy Hamiltonian by the following equations [8]:

4J ­ EAA 1 EBB 2 2EAB , (3)

4K ­ 2EAA 2 EBB 2 2EAB 2 4ECC

1 4sEAC 1 EBCd , (4)

4L ­ EAA 2 EBB 1 2sEBC 2 EACd . (5)

The spin-1 BEG model is a model which originally wa
used to describe phase transition in3He-4He mixtures [7]
with a very rich phase diagram [9,10]. In the following
we will show our results on a two-dimensional honey
comb latticesz ­ 3d as a representative case. The r
sults for the square lattice are similar. First we calculat
the phase diagrams of the system by the cluster-variat
method [11,12] in the pair approximation. In the pair ap
proximation, the oriented-pair probability that ans atom
on ana sublattice site is bonded to ans0 atom on ab

sublattice site is represented byPss0 and the probability
that ans atom occupies ana sublattice site is represented
by Pa

s . The symmetry of phase in the system is dete
mined by the site probabilityPa

s . We can also describe
the phase by the magnetization and quadrupolar mome
of the sublatticesa andb in the BEG model.

ma ­ ksila , mb ­ ksilb ,

qa ­ ks2
i la , qb ­ ks2

i lb . (6)
© 1997 The American Physical Society
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The values of these parameters define the followi
phases with different symmetry: (1) the disordered pha
ma ­ mb , qa ­ qb; (2) the ordered phaseO1: mi fi 0,
ma fi mb , the signs ofma and mb are contrary; and
(3) the ordered phaseO2: ma ­ 0 or mb ­ 0, qa fi qb .

Since the alloy Hamiltonian of Eq. (1) and the BEG
Hamiltonian are equivalent, there are only three indepe
dent energy parameters such asJ, K, L to describe the
equilibrium phase diagram. There are six independe
nearest-neighbor interaction energies. Therefore, there
no one by one correspondence between energy para
ters J, K , L and nearest-neighbor interaction energyEij.
We choose the interaction energies asEAA ­ EBB ­ 1.0,
EAB ­ 0.8, and EAC ­ EBC ­ ECC ­ 0.0 which cor-
respond to the energy parametersJ ­ 0.1, K ­ 20.9,
andL ­ 0.0. The system with such energy parameters
expected to exhibit no phase separation. Figure 1 sho
the calculated equilibrium phase diagram of the syste
The compositions ofA and B atoms are taken to be the
same (x1, x2, and x3 are used to describe the compos
tions of componentsA, B, and C, respectively). In the
phase diagram, there are two ordered phasesO1 andO2.
In the ordered phaseO1, componentC is disorderly dis-
tributed and the ordering occurs betweenA and B atoms
which reflects the usual binary ordering scenario ofA and
B atoms. In the ordered phaseO2, the ordering occurs
between componentsC andA 1 B. Between the ordered
phaseO1 and the ordered phaseO2, there is a V-shape
disordered region. Our calculated equilibrium phase d
gram agrees well with the previous results on the sam
system [4,13,14].

In the following, we consider the kinetics of the system
Two factors affect the kinetics of the system: (1) th
atomic interaction energy and (2) the activation barri
height. Generally the activation barrier energies ofA

FIG. 1. Calculated equilibrium phase diagram (solid line
and metastable phase diagram (dotted line) at stoichiome
x1yx2 ­ 1 with the energy parametersEAB ­ 0.8 eV, EAA ­
EBB ­ 1.0 eV. kB is the Boltzmann constant.O1 andO2 are
two ordered phases in the equilibrium phase diagram andOm
is the ordered phase in the metastable phase diagram.
disordered phase is indicated asd.
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and B atoms are different. First we analyze an extrem
case, i.e.,A atoms move much slower thanB and C
atoms. The initial state of the system is chosen to
in a highly disordered state, for example, quenched fro
high temperature. The system will relax to its equilibrium
state in two stages. In the first stage, onlyB andC atoms
move whileA atoms are in a state of relative rest becau
A atoms move much slower thanB and C atoms. The
system evolves to a metastable state in whichA atoms
remain in their disordered configuration andB and C
atoms have relaxed to their local equilibrium state. Aft
the system reaches the metastable state, the evolu
process enters its second stage. In the second stagA
atoms slowly move and the whole system relaxes to
final equilibrium state gradually.

We have calculated the metastable phase diagram of
system. In the calculation, we used the modified Kikuc
approximation [15] in order to study the metastable pha
SinceA atoms are randomly distributed in the metastab
state, there are thus three constraint equations to repre
the random distribution ofA atoms.X

s
PAs ­ x1,

X
s

PsA ­ x1, PAA ­ x2
1 . (7)

The dotted line in Fig. 1 is the calculated metastable pha
diagram. It is interesting to note that the ordered pha
region of the metastable phase diagram is not all includ
in the ordered phase region of the equilibrium pha
diagram. Some of the metastable ordered phase reg
overlaps with the equilibrium disordered phase region.
means that a transient ordered phaseOm will occur in
the first stage of kinetic evolution of a highly disordere
phase in the overlapping region ifA atoms move much
slower. Since the equilibrium phase of this overlappin
region is the disordered phase, this transient ordered ph
will evolve to an equilibrium disordered phase finally
Therefore its kinetic route is expected to be disorder
state-ordered state-disordered state. From Fig. 1 it
be seen that the region of the metastable phaseOm also
overlaps with that of the ordered phasesO1 and O2. In
the overlapping regions between the metastable phaseOm

with the ordered phasesO1 andO2, we also expect that a
transient ordered state characteristic ofOm occurs during
the relaxation from the initial disordered phase to th
ordered phasesO1 andO2 if A atoms move slower.

We employ the path probability method (PPM) [1,2
to investigate the nonequilibrium evolution process. T
path probability method can be shown to be equivale
[16] to the master equation method [17] in the pa
approximation. In the kinetic process, there are tw
atom movement mechanisms: (1) the direct interchan
of an atom with a nearest-neighbor atom (atom-ato
interchange) and (2) the interchange of an atom with
adjacent vacancy (vacancy mechanism). A general c
will combine both two atom movement mechanisms. W
consider a representative kinetic mechanism which allo
3923
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only the interchanges between componentsA andB with
componentC. This mechanism is used in the following
two systems: (1) a conventional ternary alloy with
direct atom interchange mechanism with the conditio
that theA-B atom interchange is much slower than othe
atom interchanges and (2) a quasiternary system with t
atomic constituents and one vacancy component with
atom-vacancy interchange mechanism. We are concer
with the case of the full range of vacancy concentratio
which can describe the ordering and disordering of t
3924
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codeposition monolayer of two atomic constituents onto
crystal surface [4] rather than the kinetics of bulk bina
alloys mediated by a very small vacancy concentratio
Other kinetic mechanisms can lead to a quantitat
difference in the kinetics of the system but quantitati
features will remain.

In order to investigate its kinetic behavior we hav
used the PPM in the pair approximation. There are
independent pair probabilities which are characterized
three long-range order (LRO) parameters
g1 ­ Pa
A 2 P

b
A , g2 ­ Pa

B 2 P
b
B , g3 ­ PAC 2 PCA , (8)

and three short-range order (SRO) parameters

g4 ­ PAC 1 PCA, g5 ­ PBC 1 PCB, g6 ­ PAB 1 PBA . (9)
h
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The LRO parametersg1 andg2 have opposite signs in the
ordered phaseO1. In phaseO2, these LRO parameters
have the same sign. In the disordered phase all the L
parameters are zero.

The pair approximation of the PPM leads to a set
six coupled nonlinear differential equations which has t
form

d
dt

gistd ­ fistA, tB, g1, g2, g3, g4, g5, g6d , (10)

where

tA ­ tAC exp

µ
2

zsEAC 2 ECCd
kBT

∂
, (11)

tB ­ tBC exp

µ
2

zsEBC 2 ECCd
kBT

∂
. (12)

t
21
AC is the diffusive rate forA atoms and componentC

(C atoms for direct interchange or vacancies for vacan
interchange). t

21
BC is the diffusive rate forB atoms and

componentC. tA and tB are the time scales for the
relaxation ofA and B atoms, respectively. WhenEAC ,
EBC , and ECC are taken to be zero,tA ­ tAC and
tB ­ tBC. BecausetA and tB depend onEAC , EBC,
and ECC, even in the casetAC ­ tBC, tA and tB could
be much different ifEAC and EBC are much different.
Different sets ofEss0 with the sameJ, K, L lead to the
same equilibrium phase diagram. From Eq. (10), th
give only different time scalestA and tB. The other
factors in Eq. (10) depend only onJ, K, L. Therefore, the
interaction energyEss0 affects the kinetics of the system
only through the energy parametersJ, K, L and the time
scalestA andtB.

We have made the calculation on the kinetics of t
system in the overlapping region between the equilibriu
disorder phase (d) and the metastable ordered phaseOm

in Fig. 1. The initial state is chosen as a complete
random state which can be obtained by quenching
system from high temperature. Thus the initial valu
of the SRO parameters are those characteristic o
completely random state. The LRO parameters are se
RO
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1026 at t ­ 0 to describe the incipient fluctuation. The
differential equations describing the kinetics of the syste
were integrated numerically using Gear’s method [1
appropriate to stiff differential equations. The equilibrium
values obtained from the kinetic equations at a sufficien
long time reproduced those obtained from the pha
diagram calculation.

Figure 2 illustrates the evolution of the LRO param
ter at a typical point in the overlapping region. We hav
takentAytB ­ 103. There are two types of transient or
dered state. One (denoted by symbolOt1) has the char-
acteristic of the metastable phaseOm in the metastable
phase diagram of Fig. 1. The other (denoted by symb
Ot2) has the characteristic ofO1 because its LRO parame
tersg1 and g2 have the opposite sign. It shows that th
kinetics of the system is more complicated than that fro
the mere analysis of the metastable phase diagram.
system first evolves to the transient ordered stateOt1 char-
acteristic ofOm in which g1 is zero andA atoms remain
disordered. After that,g1 becomes nonzero gradually an
has the opposite sign ofg2 while the absolute value ofg2

FIG. 2. Evolution of the LRO at a typical point in the
overlapping region between the equilibrium disordered pha
and the metastable ordered phaseOm with the compositions of
three componentsx1 ­ 0.35, x2 ­ 0.35, andx3 ­ 0.3. kBT ­
0.1 eV andtAytB ­ 103.
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FIG. 3. Evolution of the SRO at a typical point in the overla
ping region between the equilibrium disordered phase and
metastable ordered phaseOm with the compositionsx1 ­ 0.35,
x2 ­ 0.35, andx3 ­ 0.3. kBT ­ 0.1 eV andtAytB ­ 103.

becomes smaller andg3 changes from a negative value t
a positive one. Finally all the LRO parameters beco
zero. We could consider the kinetics in the overlappi
region as a competition betweenO1 andO2 since it is in
the V-shape region betweenO1 andO2.

Figure 3 shows the evolution of the SRO at the sa
parameter point as that of Fig. 2. From the time scale
the figure, we can see that all the SRO parameters cha
very rapidly. There are several stages of the chan
They first develop from the values of the complete
disordered state into that of the correlated state with sh
range order until the system begins to develop into
transient phaseOt1. Then the SRO parameters evolve
the quasiequilibrium values of the transient phaseOt1 and
then that ofOt2. Finally, all the SRO parameters develo
to their equilibrium values, and then remain almo
constant during the time period when the LRO decays
zero of its final equilibrium disordered phase. This fin
stage of kinetics shows that the system here is driven
its equilibrium disordered state by entropy alone since
SRO parameters change very little, which has the sa
characteristic with other disordering kinetics [2–4].

We have also investigated how kinetics of the sy
tem changes with the ratiotAytB. Smith and Zangwill
[4] have studied the kinetics of ordering and disorderi
on a two-dimensional honeycomb lattice by the mas
equation method. They have considered only the c
tAytB ­ 1 which shows no transient state. In our stud
we find that whentAytB ­ 1, the initial completely ran-
dom state will always relax to the equilibrium disordere
state directly and no transient ordered state occurs. W
the increase of ratiotAytB, we find that the ordering pa
rameters of the transient ordered state increase gradu
ThereforetAytB fi 1 is the necessary condition for th
occurrence of the transient ordered stateOt1. The kinet-
ics in the other regions of the phase diagram also sho
that more than one type of transient ordered state can
cur along the kinetic path [19].
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In conclusion, we have investigated the kinetics of
ternary system. From the calculation of the metastab
phase diagram, we have predicted the occurrence of
transient ordered stateOm in the kinetic process of the
system in the region of the metastable phaseOm if one
of three components has a slower relaxation time. Sin
the calculation of the metastable phase diagram has
relation to the kinetic mechanism, the occurrence of th
ordered stateOm in the kinetics of the system does not
depend on the specific kinetic mechanism. We hav
calculated the evolution of the LRO and SRO usin
PPM in the pair approximation. We find that there ar
two transient ordered statesOt1 and Ot2 in a relaxation
from the completely disordered state to the equilibrium
disordered state in some composition region. When w
quench the transient ordered stateOt1 or Ot2 in the
disordered region of the phase diagram, we can prese
an ordered state in a temperature at which otherwise
equilibrium disordered phase should occur.
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