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The interface structure and the kinetics of a spin-1 antiferromagnetic Ising model are investigated and applied
to crystal growth. For a certain range of model parameters the system undergoes two phase transitions:
crystallization (nonmagnetic to magnetic) and an order—disorder (antiferromagnetic) transition of the
sublattice ordering in the solid phase. Thus there are two interfaces associated with the three different phases.
The structure of each interface is described by a tanh profile in a time-dependent Ginzburg-Landau
approach. Various properties of the interfaces which depend on the driving force are studied. A remarkable
change in structure is observed for large interface velocities: If the interface between an ordered-solid phase
and a gas phase exceeds a critical velocity, a disordered-solid phase forms in between, with a width which

increases proportional to time (kinetic phase transition).

. INTRODUCTION

In a previous paper' (hereafter referred to as I) one
of the authors (YS) discussed the phase diagram and other
bulk properties of a binary alloy in terms of an antifer -
romagnetic spin-1 Ising model. The model allows one to
describe crystallization as well as an order—disorder
transition in the solid phase. (We refer to phase with
density close to one as a solid phase, and a phase with
density close to zero as a gas phase.)

When the solid alloy has a surface or when it coexists
with the gas, its surface or interfacial structure is not
described by a bulk phase diagram, and new phenomena
such as surface reconstruction and surface segregation
or enrichment®* are expected to occur,

Another group of phenomena is associated with
kinetics. When the crystal is steadily growing with the
system kept in a nonequilibrium state, the composition
and structure of the bulk crystal and of the interfaces
may also deviate significantly from the equilibrium com-
position and structure.

Several investigations have been recently carried out
in which the growth of a binary alloy is described phe-
nomenologically, »® with computer simulations™!! or
approximate microscopic calculations. ™ #1215 Most of
those studies were concerned with an alloy without a
phase transition or with phase separation in a solid phase.
For alloys with an order-disorder transition in the solid
phase a phenomena referred to as the “kinetic phase
transition” may occur.™® The concept of a kinetic phase
transition or kinetic disordering was originally introduced
by Chernov and Lewis’ in connection with a simple model
for one-dimensional growth via surface steps on a crys-
tal. Recently, a computer simulation was performed
for a binary solid-on-solid (SOS) model, but the equi-
librium phase diagram for the bulk system was not dis-
cussed.® This information is important in understanding
the mechanism of disordering as induced by kinetics.
In the previous paper 1 the spin-1 antiferromagnetic
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Ising (AFI) model was used to describe a system with
crystallization as well as an order-disorder transition,
and its bulk phase diagram was obtained. In this second
paper II we extend our investigation to the interface struc-
ture and the steady -state kinetics, and discuss the kinetic
phase transition in detail.

In the next section the kinetics of the spin-1 AFI model
is described in the layered mean-field approximation
{LMFA). In Sec. Il the interface structure and the
crystal growth are described phenomenologically with
a time-dependent Ginzburg-Landau approach in some
simple cases. In Sec. IV some more general cases are
calculated numerically, and the kinetic phase transition
is discussed. The results are summarized in the last
section.

Il. LAYERED MEAN-FIELD APPROXIMATION AND
KINETICS

A lattice model for a binary alloy system with crystal-
lization and order-disorder transitions was described
in I in terms of a spin-1 Ising system. If the ith site
is occupied by an A (B) atom, the spin S, takes the
value 1(~1), and if it is empty, S, takes the value zero,
Assuming interaction energies —J,,, —J,5, and -Jgg
for the corresponding nearest-neighbor atomic pairs
A-A, A-B, and B-B, respectively, the Hamiltonian
may be written as

o= ~ (,Z,, [£Q, @, +J5,S,+L(5,Q,+@,S,)]

—HZi:SpLAz‘:Q,,

where @, =S2. The coupling constants K, J, and L are
related to the interaction energies J, ., J,5, and Jyp
by

1)

R= (JAA +JBB +2JAB)/4 s (za)
j=(JAA +JBB"2JAB)/4 s (Zb)
-i=(JAA_JBB)/2 s (2C)

and the field variables H and A are related to the chemi-
cal potential y, and ugy of the A and B atoms, respective-
ly, by
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H=(#A—#B)/2 )
A=—(up+up)/2.

Various phase diagrams for the cases of a system
which undergoes an order-disorder transition (j <0)
were calculated in the mean-field approximation in 1.
For certain values of the parameters I%, J, and Z, the
gas (low density phase) coexists with the disordered
solid (high density phase). Depending on the values of
the parameters, the order-disorder transition in the
solid is either first or second order. The most in-
teresting case occurs where the crystallization and the
order—disorder transition occur simultaneously, i.e.,
the ordered solid coexists with the gas. If the chemical
potential A does not have its equilibrium value, the or-
dered crystal grows from the gas phase, and the rela-
tion between the growth rate of the crystal and the or-
dering of the alloy can be investigated. Since the chemi-
cal potential is independent of the sublattice structure,
crystalline atoms attach to both sublattices ¢ and b
equivalently. Thus, a rapid growth rate of the crystal
will lead to disordering of the alloy structure.

(3a)
(3b)

In order to describe the interface structure formed
between two coexisting phases, we use the layered
mean-field approximation (LMFA), in which one considers
layers parallel to the interface. In the LMFA the state
of the nth layer is characterized by the number of sites
N%(n) of the x sublattice occupied by X atoms. Here-
after X represents the atomic species A or B, and x
represents the sublattice species a or 5. The quantity

N3(n)=A/2 -Ni(n)-Ni®) 4)
is the number of empty sites in the nth layer. Here A
represents the total number of sites per layer. The

total number of crystal atoms (irrespective of the
species A or B) on the x sublattice of the nth layer is
given by

‘N
=-3A Z (K@, ¢°(n) g*®) +¢° () g®(n +1) +q°(n +1) g° ) +F(2,ym® Im® (n) +m® () m® (n +1) +m® (n + 1) m® (n))
n=1

+Lm® W) @) +m* ) g +1) +m®(n +1) g* ) +2, @ ) M° ) +g° ) mP(n +1) +q° (0 + 1) m®(n))

+2H(m® ) +m® ) —24(¢° () +¢° )] .

Here 2z, is the number of nearest neighbors in the layer,
e.g., four for the simple cubic lattice. N is the total
number of layers.

We now describe the kinetics using a stochastic master-

equation formulation. In the gas phase the mobility of
the atoms is so high that the adsorption rate of impinging
atoms from the particle bath is homogeneous and in-
dependent of the lattice site. This is not, of course, a
sufficient description of the dynamics in the bulk solid.
However, since the time scale of the processes in the
bulk solid is long in comparison with that of interface
advancement, we expect that the description is basically
correct around the interface. We intend to introduce a
more refined kinetic model in the future, which includes
nearest-neighbor exchange processes, but for simplicity
we restrict ourselves to single-site processes here.

The crystallization (or adsorption) rate is assumed to
be homogeneous and only depend on the chemical po-
tential. The evaporation rate, on the other hand, is
assumed to depend on the local environment. (A kinetic
process of this type is realized in the case of an ad-
sorbed monolayer system in.contact with the vapor,
which works as a particle bath.) The rate of adsorption
of an X atom (X =A or B) on a x sublattice site (x=a or

J

QM) =Nim) +Ni(n)=3A4q"n) (5a)
and the composition is defined by

Mn)=Ni(m) -=Nim)=3Am*(n) . (5b)
In the LMFA the Hamiltonian (1) is written as

6)
|
b) in the nth layer at a temperature T is given by
1
W(N’;‘c(n)-Ns‘[(n)+1)=;Ni(n)e“X’T. ()]

The pre-exponential factor follows from the fact that an
atom can only attach to a vacant site. The evaporation
process depends on the energy required to break the
atomic bonds. In order to assure thermal equilibrium
the rate of evaporation and adsorption should satisfy
the detailed balance condition

WNL®) +1~N5@n)
WN% @)~ Ny +1)

. v
-NEn o {_ 2 [V ) - o) +1)]} . ®
The pre-exponential factor takes the entropy contribution
into account in the LMFA. From Egs. (7) and (8), it
follows that the transition rate W from configuration
{@w), @w), M*®), M* @)} to {Q* @) +r*(), @) +7" ),
M°(n) +5%(n), M*(n)+s®()} with jumps *(), *(n), (@),
s®(n) =0 or +1 is an extensive quantity proportional to the
size A of the layer:

W@ W), @), M*@), M ()~ @) +r*®), Q)+’ (), M* () +s°(), M*(n) +s*(@))

A

1]

3 wlg* ), g°@), m* (), m*() 5 (), "), s°(), s*()) . ©)
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Due to the extensive nature (9) of the transition rate, the evolution of the most probable values of the densities ¢° (n),

q*(n), m*®), and m®@m), defined in Eq. (5), is described by

16,17

2 - Z 2, Z 2 P w ), o), m), m) s ), P, s, S, (10a)
L= DL DT sl t), ), m*o), mblek; 7 ), 00, 5, 50 (10b)
With the transition probabilities (7) and (8) and the Hamiltonian (6) the evolution equations (10) become

T Edz g0 =[1 —-g°m] e/ T _L[g* () +m* )] exp{ - [(K +L)g° () + (7 + L) m® ()] / T}
+[1 =g )] e >/ T _Lg*(n) -m* )] exp{~[K - L) g* () + (- T + L) m* ()} / T} , (11a)

T ‘% @) =[1-g"m)]e2/T L [g*m) +m* (W) exp{-[(K +L) ¢* () + J + L) 7" ()] /T}
+[1-g?@)] e 2T _L[g* () - m*®)] exp{-[(k - L) ) + (- T + L) m* )] / T}, (11b)

T 6% m @) =[1 - g* )] "2 T — 4 [¢*(n) +m® @) exp{~[(K +L) () + (J + L) m° ()] / T}
+[1-g* )] =T 1 [g" (n) -m®m)] exp{-~[& - L) () + (- T + L) ° ()] / T}, (11c)

r L) =[1 = g 0] e T L g ) P )] exp {- [ + )G 60) + 0+ L) )] /T
+{1 =g®@)]ea /T L (g () -m* W) exp{-[ K ~ L) 3°) + (=T + L) ()] /T} , (114d)

where K = (z, +2)I}, J=(z, +2)J, and L =(z, +2)L. The
variables ¢*(n) and #*(x), where x =a or b, contain
spatial variations in the form

70 =z, W) +qg*n +1) +q*n - 1)1 /2, +2) , (12a)

) =[z, m*0) +m* e +1) +m* e = 1)) /(z, +2) . (12b)

The stationary and homogeneous (equilibrium) solutions
of Egs. (11) agree with the solution abtained by the
pressure maximization discussed in I. Regarding the
low- and high-density phases as gas and solid, re-
spectively, one finds three phases, namely, gas, dis-
ordered solid, and ordered solid. Phase diagrams
describing the bulk phase of the alloy are obtained for
various cases in I.

If two phases coexist, an interface is formed in be-
tween. The interfacial structure is characterized by
space dependent variables, such as the crystal den-
sity q(n), the sublattice difference of crystallization ¢,{),
the composition m {n), and the sublattice ordering m,(n),
which are defined by

) =[¢* () +a* )] /2, (13a)
g,) =[g*n} - W) /2, (13b)
m) =[m* @) +m®@)] /2 , (13¢)
mgm) =[m*m) -m* @)1 /2, (13d)

respectively. The equilibrium interface profile can be
obtained from the stationary but space dependent
solution of Eqs, {11). Under nonequilibrium conditions,
when the crystal is growing, the interface moves with

a finite velocity to crystallize the system. Since Egs.
(11) is a coupled, nonlinear, differential-difference equa-

tion, the full solution can only be obtained numerically.
In the next section we first consider some qualitative
features of the interface structure and of the crystal
growth in a simple approximate treatment.

1ll. TIME-DEPENDENT GINZBURG-LANDAU MODEL

By solving Eqs. (11) for the stationary, homogeneous
case, various phase diagrams were obtained for the
case L =0 in paper I. In this section the space and time
dependence of the interface structure is considered in
a time-dependent Ginzburg-Landau (TDGL) approach in
two simple cases with a single order parameter,

The first example is the interface between the gas
and the disordered solid, For simplicity the chemical
potentials u, and uy are assumed to be equal, so that
H=0. In this case the system is described by a single
order parameter ¢ and is equivalent to a ferromagnetic
spin-{ Ising model. The variable ¢ defined by

6=q-% (14)
is assumed to evolve according to the TDGL equation

) 1 s6[dl

5 ‘& DT e (15)

with the free energy functional G[s] given by
1 [ 8g\?
Glo] = jdz [5 (B-Z—) —%’rcza»%uo‘—c(Am_G—A)o].

(16)

Here 7y defines the time scale and the coefficients », u,
and c are positive constants, The deviation of the
chemical potential A from the coexistence value Apg_¢
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of the gas and the disordered solid drives the crystal
growth, We assume Apg_ — A to be small and perform
calculations to first order in A — A. The following
stationary homogeneous solutions of Eq. (15) describe
the bulk-solid and gas phases:

Ops,c =t Vr/u+c(bps_g — A)/27 . 17)

From the free energy (16), one sees that the solid phase
is more stable than the gas for A<A_, and the gas
phase is more stable for A> Apg_g. With the boundary
condition

oz = -, t):UDS ’ ole =+, t)=GG ’ (18)

the steady-state solution of Eq. (15) is obtained as

olz, t) =% (ops +0g) —2(0ps — 0¢) tanh{[z — 2(0) - V£I/£.}.

(19)
The interface moves with a velocity
V,=V9u/8 c(Aps_g - A/, (20)

from the initial position z(0). The interface width is {,
=V7/2. In equilibrium (A =Apg_g) the tanh profile (18)

of the interface agrees with that obtained by Fisk and
Widom. ™! Away from equilibrium, e.g., for A<Ap_g,
where the gas phase is metastable, the interface pro-
pagates with velocity V,, preserving the tanh profile,

and the system crystallizes into a solid.

Another simple case is realized when the ordered solid
coexists with the disordered solid. Since the total den-
sity of the crystal atoms is almost homogeneous, the sys-
tem is described by a sublattice ordering m,(z, t). In
the TDGL approximation the evolution of m is given by

amgle, ) __ 1 8GImd @1)
ot T, Omglz, t)

Here G[m,] is the generalization of the free energy ob-
tained in the Appendix of I taking the spatial variation
into account:

1 fem,\2 2,1 4,1 8
G[ms]=sz E -B—Zi +§szs+T{C47’W3+T;Csms . (22)

(This expression does not allow for a crystallization
transition.) The coefficients C,, C,, and C4 are func-
tions of the temperature T, and of the chemical potentials
Hand A, I Cy;=Cypp>0, C4=Cyp<0, and C4=Cgop>0

at A =Apg. s and satisfy the relation

16C;00Cs0p =3CH0p (23)

the homogeneous state without sublattice ordering (m
=0) coexists with the ordered state m,=mp, where

mionzﬂcwn‘ /4Cgop - (24)

When the chemical potential A deviates from Agg_pg the
coefficients C,, C;, and Cq also deviate from their

equilibrium values
(i=2, 4, 6), (25)

which lead to slight changes in the ordered state. To
first order in the A/’s, the ordered state is given by

2 2 ( 24, 34, +9040DA6>

Mg,at =Mgop + = 2
e Ciop 2Cgop 8Cgop

8;=C; -Cyop

286)
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and is more stable than the disordered phase (m, =0)
for A< Agg_ps . With the boundary condition

el =~, )=mg g, mlz=+w,)=0, @27}

appropriate for the coexistence of the ordered and dis-
ordered solids, the steady-state solution of the TDGL
equation (21) is

mi(z, t) =3 m%,q {1 —tanhlz —2(0) - v, t]/ &, } . (28)

The interface between the ordered and disordered solid
moves with a velocity

" zmslnﬁon(gffn - ci?n * 32‘36”0 - )oc Bos_s— 4 .
(29)

The interface width is given by
£n, = 6Co00)" % + 080515 — A) . (30)

The change in the chemical potential A affects the
stationary value m, g, the velocity Vg s and the width
£m,» but the tanh profile (28) of the interface is pre-
served.

A Ginzburg-Landau treatment of the interface between
the ordered-solid and the gas phases would require a
free-energy functional of both the density ¢ and the sub-
lattice ordering m, and the solution of two coupled TDGL
equations similar to Egs. (15) and (21). We leave this
case to a future analysis. In the following section we
solve Eqs, (11) numerically for the two simple cases
considered above and check the validity of the TDGL ap-
proach. Finally, we investigate the general case of the
ordered-solid—gas interface where the crystallization
and ordering interfere with each other,

1V. NUMERICAL SOLUTION

In order to solve the evolution equations (11), we have
to define boundary and initial conditions for a system
with length N +2, where N is a sufficiently large number,
Near the boundaries the density variations are assumed
to be smooth:

g*(0)=4¢"11),
and
qx(N +1) :q’(N) »

where x indicates sublattices a or . The densities ¢*(n)
and m*(n) for n=1, ..., N evolve according to Egs. (11).
The initial condition for two coexisting phases 1 and 2,
i.e.,

m*0) =m*(1) (31a)

m* (N +1)=m*(N) , (31p)

(32a)
(32b)

for 1=n=N/2,
for N/2<n=N,

7w =qi, m'@)=mi,

@ =q;, mw)=mj,

is assumed, where g}, ¢} and m}, m; are the equilibrium
values of the densities and compositions of phases 1 and
2, respectively. With the steady-state profile of inter-
faces (19) and (28) in mind, the interface position for the
erystal density ¢(z) and the sublattice ordering m,{n) are
defined by

N
7ie=2, lgt) —qg]/lg(1) ~g )] +3

n=1

(33a)
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and

N
Timg =2, [m2n) ~miM)1/ [m3(1) -m2@)] +% ,  (33b)
n=1

respectively., A measure for the interface width is given
by

2, =[g) -q) /g (7, 1) ~q([7,]1+1)], (34a)
2, =[mi) -mi@W/ [mi([7n ) - mi([F7n J+1)],  (34D)

where the notation [a] above means the integer part of
the real number a. The system length N should be large
compared with the widths 2¢, and 2§, .

When the chemical potential A is different from the
equilibrium value, the system grows, and the inter-
faces propagate. The propagation velocities of the
interfaces V, and I—/_"‘s are defined as

N .
V,=dn,/dt =[qg(1) - q(N)]) ! 2; dgn)/at (35a)

and

N

V= lin, /a1 =[m30) -2 2 dmite/dt , (350)
respectively. In order to follow the motion of the inter-
face of the crystal density for example, we keep 7, in
the central region of the system N/2=%,<N/2+1. When
n, leaves this region, the system is shifted so as to
keep the interface in the center. For a sufficiently long
system N>> 2—; , the effect of shifting, which affects
the boundaries, can be neglected.

The phase diagram in paper I show various combina-
tions of coexisting phases. In what follows three typical
cases are considered: (A) gas-disordered-solid co-
existence, (B) ordered-solid-disordered-solid co-
existence, and (C) gas—ordered-solid coexistence. The
first two cases are described by the single order parame-
ters (A) crystal density ¢ and (B) sublattice ordering
m,, respectively, while the last case (C) requires both
order parameters g and ;.

A. Growth of the disordered solid from the gas

For a system with coupling constants K =3.8, J=-1.0,
L=0and H=0, T =0, there is a certain region of A where

-
P 3HoO Va b)

0155} | o

2 -

i o

015 f °

1 o

o
(O] | Hos-6 Bossdy | Bes 0 bpsg
251 252 253 A 0 29 252 A

FIG. 1. (a) The pressure P as a function of A for the case of

a gas (G) coexisting with a disordered solid (DS). The thick
lines represent the most stable phases, the thin lines metastable
phases, and the dashed lines unstable phases. The gas—disor-
dered solid coexistence takes place at Apg-g. Ag,m and Apg o
represent the spinodal values of the gas and the disordered solid
phases, respectively. (b) The interfacial velocity of the crystal
density V, as a function of A.

725

10

10 20 n

FIG. 2. The interfacial profiles of the crystal density q(n) for
the system described in Fig. 1.

Eqs. (11) has two stationary homogeneous solutions,
namely, the gas (G) and the disordered-solid (DS) phases.
On maximizing the pressure P, defined by Eq. (13) in I
and shown in Fig. 1(a), the gas (disordered-solid) phase
is seen to be more stable for A> (<) Apg_g, and the two
phases coexist at A =Apg_g =2.5238. The disordered
solid (gas) is metastable in the spinodal region Apg, op
>A> Apg_g (Apgag™ A> Ag, 5;). We first consider the
equilibrium interface (A=A4Ay_g). Since there is no sub-
lattice ordering, the system is characterized by the
crystal density ¢(z) as shown in Fig, 2(a) for a system of
length N =40. (Only the central part is shown.) The
interface position and width calculated by Egs. (33) and
(34) are indicated by the arrows. If A is lowered from
the coexistence point Ap_, the interface moves so as
to crystallize the whole system in order to approach the
true equilibrium state (i.e., uniform solid phase). The
interface profile for A smaller than Apg_g is plotted in
Fig. 2(b). The interface moves steadily to the right to
crystallize the system, but the profile itself remains
almost unchanged relative to Fig. 2(a). The tanh pro-
file of the interface [Eq. (19)]

e =3[g(1) +qW)] ~ % [g(1) - gV)] tanh[n -7, ()] /E, ,
(36)

which is indicated by a continuous line in Figs. 2(a)

and 2(b), fits the numerically calculated profile very
well., The velocity of the interface V, calculated ac-
cording to Eq. (35a) is plotted as a function of the chemi-
cal potential A in Fig. 1(b). The velocity V, is propor-
tional to the driving force Ay g — A for small values, but
there is a nonlinear enhancement near the spinodal

point Ag 4, associated with the instability of the gas
phase. The gas phase does not exist for a<ag .

B. Growth of the ordered solid from the disordered solid

The system is defined by the parameter values K =2, 88,
J=-1.0, L=0and H=0.6, T=0.65. For chemical po-
tential A around A;p_pg =1.9589, two phases, the or-
dered-solid (OS) and the disordered-solid (DS) phases,
are possible. From the pressure comparison shown in
Fig. 3(a), the ordered (disordered) solid is seen to be
more stable for A< (>)Agg_pg. Two phases coexist at
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FIG. 3. (a) The pressure P as a function of A for the case of
a disordered solid (DS) coexisting with an ordered-solid (OS)
phase. The first-order order—disorder transition takes place
at Aggps, and AgD’ represents the bifurcation of the ordered
solid from the disordered solid. (b) The interfacial velocities
of the crystal density Vq and the sublattice ordering l—/,ns as a
function of A.

A=Agg.ps - |The concentrations are yog =0.353 and

yog =0, 416, and pressure P=0.1393. See Fig. 8(d) of
paper 1.] The interface profile is calculated by in-
tegrating Eqs. (11) numerically. The equilibrium pro-
file (A=Apz_e) is shown in Fig. 4{(a). The particle
density ¢ in the solid phase remains almost homogeneous,
while the sublattice ordering m, changes rapidly across
the interface. With the interface position and width cal-
culated by Eqs. (33) and (34), the sublattice ordering

m, fits the tanh profile

min) =3 m2(1){1 - tanh[n -7, )]/ %},

shown by the continuous line in Fig. 4(a) very well. On
decreasing A the interface proceeds to the right to order
the system as shown in Fig. 4{b). The velocity of the
interface of the density change T/q is extremely close to
that of the interface between the order -disorder states
V,, as shown in Fig. 3(b). The interfacial velocities
aré found to be proportional to the chemical potential
deviation Agg_ps — A. At A=A the coefficient C, of
the gquadratic term of the free energy expansion G[m,],
given by Eq. (22) becomes zero (see also the Appendix
in paper, I), and for A< A(‘)z[’, the disordered-solid phase

87

FIG. 4. The interfacial profiles of the crystal density ¢ (n)
{circles) and the sublattice ordering m{r) {squares) for the
system described in Fig. 3.
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FIG. 5. (a) The pressure P versus A for the cases of an or-
dered solid (OS) coexisting with a gas phase (G) in equilibrium.
The disordered-solid phase (DS) is more stable than the gas for
A <Apg-g, but is always less stable than the ordered-solid
phase. (b} The interface velocities of the ordered solid (Veg).
and of the disordered solid (Vpg). The ordered solid growth is
only possible for A’s larger than the value Ayg, =~ 1. 94 of the
kinetic disordering.

is unstable. However, since the boundary condition
favors the disordered-solid phase at the right end and
since the disordered phase is one of the stationary
homogeneous solutions of Eqs. (11), the interfacial ve-
locity shows no anomalous behavior near a%).

C. Growth of the ordered solid from the gas phase

The system is defined by the parameter values K =2, 88,

=-1,0, L=0and H=0.6, T=0.6 [see Fig. 5(a)]. For
a certain range of 4, there are three homogeneous
stationary solutions of the evolution (11), corresponding
to the gas, the disordered-solid, and the ordered-solid
phases. From the pressure comparison shown in Fig.
5(a), the true equilibrium phase is seen to be either a
gas for A> Ayg_g, Or an ordered-solid phase for A
< Aos.g. The gas phase is metastable in the region
Ag,sp <A< Aps.g, Whereas the ordered solid is metastable
fOr Ags_g< A< Agg, 4, (N0t shown). The disordered solid
phase is always less stable than the ordered solid, but
in the region A> Apg_ it is more stable than the gas
phase. We now consider the equilibrium interface struc-
ture between the ordered-solid and gas phases at A
=Ags.c =1.9735. (The concentrations are ypg =0.282,
v =0.646.) At this point the interface has the structure
shown in Fig. 6(a), and as the density ¢ decreases from
the ordered solid to the gas, the sublattice ordering m,
also decreases. The two interfaces (for ¢ and m,) are
tied together and behave like a single interface with a
more complicated structure, This picture remains
valid if A is decreased from the coexistence point

AOS—(} .

The double interface moves at a speed Vq = Vms =Vos
which is almost proportional to the deviation Agg_ — 4,
as is shown in Fig. 6(b). However, if A is decreased
below Agp=1.94, the double interface splits up into a
g interface, which moves with velocity I7q = 1725 and an
m, interface, which moves at a slower rate V,,,s , and a
disordered-solid region grows between the two inter-
faces. Additional information about the kinetic dis-
ordering is presented in Fig. 5(b). By choosing a
boundary condition which favors the coexistence of the
disordered-solid and the gas phases, we obtain the lower
branch of the I7Ds curve by starting at A=A4pg_g [see
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FIG. 6. The interface profile of the system described in Fig. 5.
Figures 6(a) and 6(b) show the steady-state profiles, and

Fig. 6(c) is a snap shot profile. In (c) the separation between
the interfacial positions z, and #,,, increases with time, and the
disordered solid phase forms in between.

Fig. 5(a).] The growth rate Vpg is smaller than the
growth rate of the ordered-solid phase 1703 in the region
A> Agp . At Agp the two rates become equal, and for
A< Agp the ordered solid becomes dynamically unstable.

The above discussion gives a rather clear picture of
the dynamics of kinetic disordering, However, more
explicit formulation in terms of a TDGL theory would
be desirable. Since the good agreement between the
TDGL approach and the numerical results in the sim-
ple cases (A) and (B) considered here is very encourag-
ing, we hope to continue our work in this direction in
the future.

V. SUMMARY

Using a spin-1 antiferromagnetic Ising model, we
have analyzed the growth of a crystal with sublattice
ordering. The interface structure of the crystal den-
sity of the sublattice ordering can be well represented

by the simple TDGL aporoximation and has a tanh profile.

The interfacial velocity V, is proportional to the chemi-

cal potential differences Apg_g - A Or Apg_g — A for small
deviations, but diverges at the spinodal point of the gas
phase A=4g ,,. The sublattice ordering in the solid
phase shows a kinetic anomaly. The dynamical coexis-
tence of the gas and the ordered-solid phases during
growth becomes unstable when the velocity of the inter-
face between the gas and the disordered solid exceeds
that between the gas and the ordered solid. The system
crystallizes rapidly, but the sublattice ordering can

not follow that speed, and the entire system is kinetical-
ly disordered. The chemical potential Agp at which
kinetic disordering begins can be sharply localized as in
previous models for step growth, "8 The kinetic dis-
ordering looks similar to an equilibrium phase transition,
but the transition from the ordered to the disordered
solid leaves the solid in a metastable state. In our
mean-field treatment and in practical applications this
may not be a serious problem, but a more rigorous
analysis would require the incorporation of relaxation
times for the metastable states.
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