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Computer simulations based on the time-dependent Ginzburg-Landau approach have been performed for the
formation of domain structure in the cubic-tetragonal transformation under an external field. Théfcc-
ordering has been studied as a model case of the transformation, and the Landau free-energy function has been
determined so as to reproduce the free energy calculated by the Monte Carlo simulation. The simulations have
demonstrated the features observed in our experiments on FePd alloy under an external stress, and have
clarified the formation mechanism of a single variant structure. The internal stress field developed by the
preferential formation of a variant favored by the external stress further accelerates the trend cooperatively, and
eventually leads to a single variant structure.

[. INTRODUCTION more than 800 MP&.Experimentally, the single variant
structure has been formed with far smaller stresses, 10—100
Characteristic microstructures, so-called tweed or twinnedPa. How can this discrepancy be explained?

structures, have been observed frequently in various alloys The aim of this paper is to answer the above two ques-

which undergo cubic to tetragonal phase transformationgdions; the result of a computer simulation study of fct,

such as FePd, FePt, CoPt, and CuAu (ffcky), NigV ordering under an external stress is reported. Simulations in

(fcc-D0,y), and martensitic FePdcc-fct).!~” In these trans- the general case of the cubic-tetragonal transformgtion with-

formations, the new phase is tetragonal and can be formed Ut €xternal fields have been reported by Chengl- and

the three different orientations with respect to the cubic®y Yamazaki. Here we perform the simulation under exter-
mother phase. One might expect that the three varian al stress, adopting the time-dependent Ginzburg-Landau

would be formed with equal probability. The formation of DGL) approach.

tetragonal phase patrticles in cubic matrix, however, inevita-

bly introduces elastic strain; random arrangements of vari-!- PETERMINATION OF THE LANDAU FREE-ENERGY

ants would result in a large increase in the elastic energy of FUNCTION

the system. Tweed or twinned structures can be understood The intention of the present simulation is a quantitative

as such structures in which different variants arrange themgomparison with experimental observations on FePd per-
selves to reduce the elastic strain energy. formed in our laboratory. Therefore, the free-energy formula

The application of an external field biases the frequencyshould be chosen so as to reproduce the actual behavior of
of formation of the three variants. If the effect is large the alloy. In a previous paper, we have calculated the free-
enough, one favored variant would dominate in the resultangnergy variation as a function of temperature by the thermo-
microstructure. In fact, the formation of a single variant with yynamic integration with Monte Carlo simulatiaffIMC)
the tetragonalc axis parallel to the applied compressive method on the fcd:-1, transition™ the result of which is
stress or magnetic field has been observed for CoPt, CuAysed to determine the Landau free-energy function.
and FePd by Shimizu and Horiu€hand for FePd by the The coarse-grained free-enerfyp) is assumed to have
present authors:™! Although the story apparently 100KS the form of the Landau type:
rather simple and clear, several features observed experimen-
tally require careful examination for a better understanding a(T-Ty) , b , C
of the phenomenon as listed below. (P)=——F ¢3¢ "+ 59" 1)

(1) The effect of an external field on the ordering of FePd
appears most dominantly when the field is applied near thwhere ¢ is the coarse-grained order parameter in the range
transition temperature. At relatively lower temperaturesof —1<¢=<1, T, is the spinodal orderingnstability) tem-
where the process proceeds via spinodal ordering, the applperature, andr, b, andc are assumed to be constant. The
cation of the field does not significantly modify the process.magnitude of the eigenstrain is adopted as the order param-
Why? eter¢. The square of the order parametéf, is zero for the

(2) Without an external field, a pair formation of different fully disordered state and is unity for the fully ordered state;
variants resulting in a twinned structure is favored, as men0< ¢=<1 for the variant with the axis parallel to th¢010]
tioned above. With the application of a compressive stresglirection §y varian), and —1< ¢<0 for that parallel to the
one type of variant is favored. At a certain level of the stress[001] variant (z varianj.
the appearance of the second variant would be completely At the transition temperaturd,, the free energy of
prohibited. The magnitude of such a stress level has beethe ordered phase equals that of the disordered phase, and
estimated in our previous work to yield a very high value ofthen f(¢) has the following form:¢?($?— ¢?)?, where
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FIG. 1. The free energy calculated by the thermodynamic inte- FIG. 2. The fitted Landau free-energy as a fqnction of th_e_ order
gration with Monte Calro simulationéor TIMC, long and short ~Parameter. The reduced temperatkiidv =0.882 is the transition
dashed linesand the Landau free energy fitted in the range ofteémperature anéT/v=0.708 is the spinodal ordering temperature
0.690<kT/v=0.882(or fitting, solid ling. for the fccl 1, transition.
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For the fcch 1, transition without a change in the lattice

¢((#0) is the order parameter @ . From this condition, . - O
volume, the eigenstraiay, (¢) of each variant is given by

the following relations are derived:

2 1 0 O
3b , 3b )
T=Tot Tgac $75c @ exW=eop| 0 -2 0| =eesTYh (46>0), (9
0O 0 1
The equilibrium order parametef, is determined from
the conditiondf (¢)/d¢p=0. By usinge,, the free energy in -1 0 O
the equilibrium statef,, is expressed as sz)_go(ﬁ 0 -1 0 :80¢T(n2” (6<0), (6)
( To) b 0 0o 2
fe=f(go=——73—de— 5% 3

whereg represents the magnitude of the tetragonality of the

fully ordered state, an@y) and(z) indicate the kinds of vari-
From the Monte Carlo simulations, the transition tempera-ants.

ture and the spinodal ordering temperature have been deter-

mined to bekT,/v~0.882(Ref. 14 andkT,/v~0.708(see IIl. COMPUTER SIMULATION
the Appendiy, respectively, where is the nearest-neighbor
effective interaction energy aridis the Boltzmann constant. A. Kinetic equation

Since the eigenstrain is empirically proportional to the The kinetic process is assumed to be governed by the
square of the long-range order paramétahe order param- following TDGL (Langevin equation:
eter ¢, at T, is given by ¢,= 72~ (0.850¥. By substituting

the above values into EqR), the coefficientd andc can be ap(r,t) SF{¢}

expressed in terms af: f,=f(,T). Then, the value of is - L 50 +0(r,1), (7)
determined so as to best reproduce the free-energy difference

evaluated by the TIMC methad. wherelL is the relaxation rate ané(r,t) is the thermal noise

Figure 1 shows the free-energy difference by the TIMC(fluctuation at a positionr and timet. Since the free energy
method and the free energy by H) fitted in the range of  consists of the chemical energy and the elastic energy, the
0.690<kT/v=0.882 (the shaded ar¢aThe Landau free- Ginzburg-Landau free-energy functiorfalis given by
energy function can be written as

K
f($) kT F{¢}=f dr| f((r))+ 7S|V¢(r)|2+fe|(¢(r)) , (8
Ner =0 746(——0 708| $?—0.497p*
whereK g is the gradient coefficient. The elastic strain energy
+0.475p°— o el ), (4)  function f is given by

where N is the number of atoms, the last term 1

—oh ek () is the mechanical interaction energyy,, is fer=5 Coamd &54(A(N) ~ Ypa(A(M)emn(B(1),  (9)

the external stress field, amsl, () is the eigenstrain tensor.

Figure 2 shows the Landau free-energy curvek and atfT,  where C,qn, are the elastic constants, aef,(¢(r)) and
without the external stress field. Ypq(#(r)) are the eigenstrain and the constrained strain as-
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TABLE I. The parameters used for the simulations. stants of the ordered phase are assumed to be the same as
those of the disordered phase of FePd dfloyhe system is
fe [MI/P] Ks [J/m] Ad [nm]  LxAt[m*J]  divided into 64x 64 areadi.e., M=64 in Eq.(10)], and the
divided grid distance is set @&d=0.5[nm]. The gradient

723 K —-64.7 5.64< 10712 0.5 10 101 - ; .
823 K 349 6.33¢ 1012 05 10°10% 1 coefficient Kg is approximately expressed a¥g
~2ysAd/ p2, andys is assumed to be 4 mIfrarbitrarily.
€11 [GPd ¢, [GPE ¢4y [GPY eodbe Equation(12) has been solved numerically by the Euler
technique:
723 K 182 135 715 +0.0126
823 K 174 129 68.7 +0.0119 L a(f+feQ

$(t+AD=(1)~ Aty

d

t+At

sociated with the formation of an ordered domain with the L
+At§(KSV2¢)Q+f edt’, (13
t

order paramete, respectively'®
In the elastic equilibriumy,(r) is given by _ _ o
where () is the coarse-grained volume. The unit time step
1 e ey and the relaxation rate are set At=1 and L=10 %
vik(r)=§§ace 2 Cimn&1(Gij "8t Gy &) emi( §) [m*JAt], respectively. The thermal noisgl™*'adt’ is
given by the Gaussian random number with a zero average

% . 2_77 10 and variances,?; the variance of the thermal noise is often
exp M &1l (10 assumed to satisfy the relation

whereG;; = Cipjq&péq, £is the unit vector of, 1*8M is the , L B

division number of the system for the discrete Fourier trans- S _25 kTAt=2L"KTAt, (14)

formation, andz¥ (£ is the Fourier transformation of
emnlr’)-

The partial differential of the strain energy functidp,
with regard to¢ is given by

where L*(=L/Q) is the relaxation rate for the coarse-
grained region. However, there exists difficulties in evaluat-
ing L* a priori; therefore several small values are adopted
arbitrarily for s, in the simulations.

% All simulations have been started from the same initial
%: dtel ‘98"‘”:_0 s T or) (12) state where the order parameters of the local regions are
b ek, 9P mrotm slightly deviated fromp=0.

where o, is the internal stress field given I@pqmr{s;q
— ¥pg), andTY) or T{), are chosen depending upon the value
of ¢: for ¢(r,t)>0 or ¢(r,t)<0, respectively. Then, the At temperatures where the ordering proceeds via nucle-

IV. RESULTS

TDGL (Langevin equation is given by ation and growth, the disordered phase, i.e., the initial state,
is metastable; ordering does not occur if the thermal noise is
dg of not given §,=0) in the simulation. The structure evolutions
A T B (yorz)_ 2 . 0 ) >
ot = Lgg ometoTmn T KsViS + 6. (12 simulated at 823 K with a thermal noise ef=0.02 are

shown in Fig. 8a) (without stresy and Fig. 3b) (with
stres$. Without the external stress, the ordered phase of the
two variants(black and white regionsand the fcc disordered
The parameters used for the simulations are chosen tohase(gray region coexist. The ordered domains are nearly
represent the properties of the equiatomic Fe-Pd alloy sysaligned in the(011) direction. In the earlier stage of ordering
tem, as listed in Table I. In the fccd, transformation, the (t=500, 800) a tweed pattern is formed, and then eventually
ordering can proceed in either of two distinct ways: one isdevelops into the twinned structure. These morphologies
the nucleation and growth process at relatively high temperaagree well with those reported by Yamazaki.
tures, T>T,, and the other is the spinodal ordering process When a uniaxial compressive stress of 100 MPa is ap-
at relatively low temperature3,<T,. As the transition tem- plied, as shown in Fig. ®), the z variant (black region is
perature is 923 KKT,/v~0.882), T, is estimated to be 741 formed preferentially over thg variant (white region, and
K (kTo/v~0.708). The simulations have been performed ateventually a single domain structure is realized. Figure 4
two temperatures, 823 Kk{/v=0.786>Ty) and 723 K shows the time variation of the strain energy and of the
(kT/v=0.691<T,). The tetragonality constant, is set at volume fraction of the ordered phasg. Note that ordering
0.015, and then the eigenstrain compongfib, in the equi-  proceeds faster under applied stress. The significant reduc-
librium state is+0.0126 at 723 K and is£ 0.0119 at 823 K. tion of the elastic strain energy under external stress must be
The free energy per unit volume is obtained by multiply-related to the enhancement of the ordering. The significant
ing Eq. (4) by NKT/V,,,, whereV,~8.32<10 ° [m®/mol]. accumulation of elastic strain energy for the no external
In the calculation of the strain energy, EL0) has been stress case, in contrast, accounts for the slower rate of order-
calculated by the fast Fourier transformation technique undeng.
the conditions of the periodic boundary and the plane strain In our experiments, the perfectly oriented structure was
in the [100] direction (i.e., y;1=v1;=0); the elastic con- obtained even when the external stress was removed at half-

B. Parameters and procedure
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FIG. 3. Evolution of the domain structure during the ordering

process at 823 K with the thermal noisg=0.02. (a) Without ex-

ternal stress antb) with a stress of 100 MPa.

400

1200

way during ordering® A corresponding simulation has been [
performed by removing the external stresstat600. As
shown in Fig. 8b), the simulation reproduces successfully
the trend observed experimentally; the removal of the exter{&
nal stress does not significantly modify the ordering rate and ’

the reduction of the elastic strain energge the solid curves 100 2 % 1000 :
in Fig. 4. This feature is explained as follows: once the FIG. 5. Evolution _of the domaln_ structure during the ordering
system is dominated by one type of variant, thereafter thgrocess at 723 K. With thermal noisg=0 and (@) no stress(b)

single variant structure is formed spontaneously without ex~ nder stres¢100 MP3, and with thermal noiss,=0.02 and(c) no
terrgllal Stress P y stress(d) under stres$100 MP3.

In the temperature range when ordering occurs in the=q are presented in Figs(@ and 5b). Without stress, the
spinodal mode, ordering in the simulation system can ocCUfypical tweed structure is developed, which is similar to the
even without thermal noise,=0, although it seems more results reported by Chergt al'? With a stress of 100 MPa,
realistic to take into account the thermal noise. Therefore, thghe system ends up in the perfectly oriented structure. This is
simulations at 723 K have been performed for both cases gf sharp contrast with experimental observations; the single
sy,=0 and 0.02. First the results without thermal nose  variant structure cannot be realized in this temperature. The

neglect of the thermal noise in the simulation is responsible
Lo — for the discrepancy, as described below.

The results of the simulation with thermal noisg
=0.02 are shown in Figs.(§) and 8d). The oriented struc-
ture is still formed but is not so remarkable in comparison to
that[Fig. 3(b)] obtained by the simulation at 823 K. This is

0.8
0.6
0.4
0.2 .
00 —meen 0 MPa

Volume fraction, V,

in agreement with experimental observations. It is added
o HoMba here that the magnitude of the thermal noise should be
nloaded at ¢ =600 / 2.0

/

changed depending upon the temperature in accordance with
the relations5=kT. If one adoptss,=0.02 for 723 K, the
value for 823 K should bs,=0.0213; no significant differ-
ence has been observed in the results of two runs gyjth
=0.02 and 0.0213.

[ [
567 2 3 4567 20'0

=
Strain energy, Eg / MIm™

Time
FIG. 4. The time variations of the strain ener§y and the
volume fractionV, during the ordering process at 823 K. The solid  On the basis of the results of simulations, we now discuss
curves show the results when the stress is removéek 600. the two questions$l) and(2) raised in the Introduction. Fi-

V. DISCUSSION



PRB 62 KINETICS OF CUBIC TO TETRAGONA . .. 5439

(a) Without stress (b) With stress
0.002 - 823 K .
y variant
7 variant FIG. 6. The Landau free-energy curves near
/‘\ ¢ =0 for the casega) without stress an¢b) with
0.000 a stress of 100 MPa. The free-energy curve is
B asymmetric with regard top under external
= 723 K . .
Z Thermal stress. The solid curve is the free energy at 823 K
s Noise higher thanT,, and the bold curve is that at 723
-0.002 - Sg K lower thanT,. The thermal noise is obedient to
—p |- the Gaussian distribution with a zero average and
a deviations,=0.02.
-0.004 =11 ] ] ] ] | I I ] I
04 02 00 02 0.4 04  -02 0.0 02 04
¢ (eigenstrain) ¢ (eigenstrain)

nally, we shall remark on the limitation and prospect con-lower stress level than predicted theoreticallf3 stated in
cerned about the TDGIphase-fielgl approach. Sec. |, tweed or twinned structures are frequently observed in
(1) Why is the stress effect dominant in the nucleationvarious alloy systems that undergo phase transformations
mode (at higher temperature)Phe change in state during from cubic to tetragonal crystals. The structure can be under-
ordering may be best discussed with the help of the fregtood as the formation of pairs of different variants in close
energyf(¢) as a function of the order parametér Figure  yjcinity; the elastic energy can be reduced significantly in
6(a) shows the curves for the two representative cases of thgch arrangements, in particular, for the nucleation mode
nucleation mode¢823 K) and the spinodal cas@23 K). AS  \here ordered domains cannot be spatially formed continu-
is evident from the shape of the curve for the nucleationy, gy The application of an external stress would bias the
mode, a certain amount of thermal noise is required for th%opulation of variants. A simple estimate of the stress re-

'r?]'ct)'ggchr?fstoargzr'Z%tégezor;résgﬁe?gg:?gs.':] tlr;.osﬁs'n:rdea:)guired to suppress the formation of the second variant, re-
P USY, » Simuiations ulting in a single variant structure, yielded a very high value
ten performed without taking into account thermal noise. In

of about 800 MPa. In contradiction to the prediction, the

principle, the thermal noise should not be ignored at all tem- . . . : .
peratures. No systematic way has been established so farg(gesent simulation has yielded a single variant structure un-

estimate a reasonable magnitude of thermal noise to be us @r stress of 100 MPa. This is consistent with experimental
in this kind of simulation. Thus, we have made a number of° servations. Moreover, the present simulation has also been
simulation runs with different magnitudes of thermal noise;SUccessful in reproducing the following two peculiar phe-
the thermal noise af,=0.02 or around has yielded domain Nomena observed experimentali): the enhancement of the
structures consistent with experimental observations. ordering (Fig. 4) and (i) the formation of a single variant

Figure b) shows the free-energy curves for an externalStructure even after the removal of the external stress half-
stress of 100 MPa; the formation of the preferential domairwvay during the ordering proce$Big. 3(b)]. These features
structure is related to the asymmetric shape of the curve. Thean be understood as follows.
degree of the domination of the favorable domain, however, The favorable variant is formed very rapidly throughout
depends on the Strength of the thermal noise adopted in tﬁbe System under external stress. Then the rapid formation of
simulation. As stated above, the simulation runs have beefie favorable variant develops a structure dominated prefer-
made at two temperatures with the thermal noise of theéntially by one type of varianflf the applied stress is not so
Gaussian form(see the figureof s,=0.02. At the higher large, of course, the other variant can be formed due to the
temperature of 823 Kthe nucleation modethe domination relaxation of the local strain, but its amount is far smaller
of the favorable variant is significant as shown in Fig)3  than that of the favorable variant. See Figh)3 In such a
the barrier for the formation of thgvariant(unfavorablg is dominated structure, a macroscopic internal stress field is
too high. In contrast, the barrier at 723 the spinodal developed, which can be written g ~V,Crnike's .
mode is not prohibitively high for the formation of the un- whereV, is the volume fraction of the favorable variant. This
favorable variant. This is the main reason why the orientednternal stress accelerates cooperatively the formation of the
structure develops significantly in the nucleation mode busame type of variant, because the elastic interaction energy
not so much in the spinodal mode. —(omm e <0. Thus, the application of external stress just

It is emphasized here that the simulation without thermalriggers off the formation of the favorable variant, and the
noise results in a structure very much different from thatresultant internal stress field further enhances the formation
observed experimentally; in the spinodal mode without therof such a variant, leading to the single variant structure. This
mal noise, the system always favors the lower-energy statprocess may be said to be autocatalytic or self-organizing.
and tends to form thevariant[see Fig. )], and eventually (3) Limitation and prospect about the phase-field ap-
attains at the single variant structysze Fig. )], whichis  proach The TDGL simulations have been performed as
not the case observed experimentally. This demonstrates thgiantitatively as possible in the framework of the phase-field
importance of thermal noise in computer simulations to ob-approach. However, the results strongly depend on the mag-
tain realistic microstructures. nitude of the thermal noise, as stated in paragr@dplabove.

(2) Why can a single variant structure be formed at a This fact indicates that the predictive capabilities of the ap-
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proach are limited by the ambiguity in the evaluation of the VI. CONCLUSIONS
magnitude of the thermal noise; obviously, one should ex-
clude the ambiguity for elevating the capabilities. The mag
nitude of the thermal noisg, is closely related to the scales
of time and space, as found from E(@.4); therefore, the
definitions of these scales are quite important. Here, we sh
remark on these definitions.

We have performed TDGL simulations of the ordering

process with special attention paid to the effect of applied

stress. The Landau free-energy function is constructed so as
simulate the fcd-1, phase transformation in the equi-

tomic Fe-Pd alloy.

) : . (1) It has turned out to be very important to choose a

The time scale of the simulations depends on the value g roper magnitude of thermal noise in the simulation for re-

LAt, as indicated by E¢13). However, the evaluation of it producing the microstructures observed experimentally: an

by a theoretical approach seems to be difficult. Thereforeoriented structure is formed in the ordering via the nucleation

LA.t S.hOUId be appropriately scaled soas to repro_duce a tim rocess(higher temperaturgsbut not so much in the spin-
variation of the order parameter in a transformation proces dal ordering procesower temperaturgs The simulation
of a real alloy. Since the value &fAt scaled in such a way without thermal noise in the spinodal ordering yields consid-

s the specific va_lue of _the alloy, .le.I.At be SUCh. a fixed erably different microstructures from those observed experi-
value. In comparison with the definition of the time Scale’mentally.

that of the space scaleoarse-grained volumds relatively (2) The formation mechanism of a single variant structure
ceasy, because the scalg of spatial variattypical domain - ,hqer an external field has been clarified, as summarized
siz9 can be roughly estimated when th? free_en_ergy and _th_Below. External stress enhances the formation of one type of
gradient energy are known. The essential point in the def'n'\'/ariant. Although the other types of variants are formed in
tion Is that th? coars_e-_grai_ned scale ig to be smallgr than thge vicinity of the favorable variant, the population of the
scale of spatial variationti) (2<(Ad)“a, wherea is the |5yer dominates so that an overall internal stress field is de-
depth of a two-dimensional systena{Ad for a three- \qojoneqd: the field is of such a nature as to enhance the for-
dimensional system From this condition, we obtain the aiion of the domains favored by external stress. Therefore,
lower _limit of the magnitude of thermal noise: yhe formation of a perfectly oriented structure is possible as a
V2LKTAt/(Ad)%a<s,. ~ result of such an elastic interaction.

~ Furthermore, as in the present case, when the aim of (3) For evaluating properly the thermal noise used for
simulations is focused on the nucleation process, an addiimylations based on the phase-field approach, the construc-
tional condition may be adopted; the coarse-grained volumgon of a three-dimensional model system is necessarily re-
Q) is taken to satisfy that the energy fluctuation in the regiort]uired, and appropriate scales of space and time, i.e., the

() is smaller than the maximum of the free ene@¥ma.  coarse-grained volum@ and the value oL At, should be
that is, the variation of the order parameter due to the thergefined in advance.

mal noise is smaller than the value of the order paramgger
that givesf a: (i) Sp=V2(L/Q)KTAt< p.~O(10™1). Itis
noted that this is an expedient condition for performing the
simulations effectively. The authors wish to thank Dr. T. Koyama of Nagoya In-

Thus, we obtain the upper and lower limits of the magni-stitute of Technology for helpful suggestions and comments.
tude of thermal noise. However, since the deptbf a two-  This work was partly supported by a Grant-in-Aid for Scien-
dimensional system is not well defined, various arbitrary val+ific Research on the Priority Area Investigation of Micro-
ues can be adopted as the magnitude. This arbitrariness in tBeopic Mechanisms of Phase Transformations for the Struc-
evaluation of the thermal noise is unavoidable for the two-ture Control of Materials from the Ministry of Education,
dimensional simulations. After all, for limiting the thermal Science, Sports and Culture, Japan. One of the authors
noise more uniquely, we must construct a three-dimensiongly.Y.) acknowledges support through the Japan Society for
model for simulations, and must define the coarse-grainethe Promotion of Science for Young Scientists.
volume () and the value of At controlling a time scale of
simulations.

Finally, we add a few more words on the formula of the
thermal noise. The formula is an analogy of that derived for
Brownian motion. It should be noted that the formula is de-
rived on the condition of thermal equilibrium, i.e., on the  The spinodal ordering temperature has been estimated by
premise that the free-energy curve near the equilibrium statklonte Carlo simulations. Consider a system consisting of
can be approximately written as a form of quadratic functionsmall regions of the same size. In the ordering via nucleation
of the order parameter. Therefore, there is no guarantee thptocess, the ordered domains are formed inhomogeneously
it can be used in nonequilibrium states. When the thermaih the disordered matrix; the internal energies of the ordered
energy which causes the fluctuations of physical quantities igegions differ from those of the disordered regions, and
assumed to be virtually constant under a fixed temperature, iherefore the deviation of the internal energies increases with
is unnatural that the formula be always adopted even in northe formation of ordered domains, and subsequently de-
equilibrium states, because the order parameter does noteases with the progress of ordering to a constant value. In
fluctuate symmetrically at nonequilibrium, i.¢3f/d¢|>0,  contrast, in the spinodal ordering process, ordered domains
states. It seems to be essential that the thermal noise be fare formed spatially homogeneously; the internal energy of
mulated as a yardstick of the thermal energy fluctuation ireach local region almost equals those of other local regions,
the vicinity of the equilibrium state. and therefore the deviation of the internal energies is ex-
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APPENDIX: ESTIMATION OF THE SPINODAL
ORDERING TEMPERATURE BY MONTE CARLO
SIMULATIONS
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(a) kT /v=0.833 (b) kT /v=0.708

0.10

Ag

B 0.05

FIG. 7. The average internal energy of the
system and the energies of the local regions
(lower graph, and the deviation of the internal
energy(upper graphat reduced temperaturés)
0.833 and(b) 0.708.
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pected to be almost constant throughout the ordering. The The internal energ¥ of the system is given byNug,

spinodal ordering temperature may be defined as the temwhereN,g is the number oA-B pairs. The simulations were

perature at which such an “increase and decreaged., started from a randomly disordered state with an interchange

maximun) of the deviation vanishes. probability[ 1—tanh(AE/2kT)]/2, whereAE is the change in
The model crystal, Z0fcc unit cells, consisting oA and ~ energy produced by an exchange of two atoms.

B atoms with the periodic boundary condition is divided into  Figures 7a) and qb) show the variationgwith Monte

small regions. The deviation in the internal energy of eactcarlo step of z; (black dot3, (e) (white doty, and Ae

region is given by (white circle in the simulations for two temperature®)
kT/v=0.833 and(b) kT/v=0.708. ForkT/v=0.833 the
1 M g~ (&) 2 maximum of the deviation is observed, which indicates that
Aeg= v 2 ( : T ) , (A1) the ordering proceeds via the nucleation process at this tem-
I

perature. In contrast, f&«T/v =0.708 the deviation is almost

. ) . . constant and the maximum is not observed, which indicates
whereM is the number of regiongg) is the average internal - that the ordering occurs spatially homogeneously; ordering

energy, ande; is the internal energy of each regiom ( proceeds via the spinodal ordering process. Thus, the spin-

=1,2,...M). The system was divided into34(i.e., M odal ordering temperature is roughly estimated tdkbg/v
=43) regions in the simulations. ~0.708.
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