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Monte Carlo simulation of subsurface ordering kinetics in an fcc alloy model
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Within the atom-vacancy exchange mechanism in a nearest-neighbor interaction model we investigate the
kinetics of surface-induced ordering processes close t¢0B® surface of an fcdA;B alloy. After a sudden
quench into the ordered phase with a final temperature above the ordering spinoeiél,,, the early time
kinetics is dominated by a segregation front which propagates into the bulk with nearly constant velocity.
Below the spinodalT{<T,, motion of the segregation wave reflects a coarsening process which appears to
be slower than predicted by the Lifschitz-Allen-Cahn law. In addition, in the front-penetrated region lateral
growth differs distinctly from perpendicular growth, as a result of the special structure of antiphase boundaries
near the surface. Our results are compared with recent experiments on the subsurface ordering kinetics at

CusAu (00D).
DOI: 10.1103/PhysRevB.64.125412 PACS nuni®er61.30.Hn, 05.70.Ln, 64.60.
[. INTRODUCTION of segregation amplitudes has been detected recently by time

resolvedX —ray experiment&® After a quench from an initial

Near a surface, kinetic processes connected with firsttemperaturel;>T, to a final temperatur@d;<T, the initial
order phase transitions are generally modified in a fundasurface segregation profile induces a segregation front which
mental manner relative to the corresponding bulk processapidly progresses towards the bulk, while lateral order was
Well-known examples are surface induced spinodal deconfound to develop on longer time scales. This two-stage or-
position and nucleation phenomeh&whose understanding dering process was interpreted recently in terms of time-
and control is of major concern in modern thin-film and dependent Ginzburg-Landa(GL) theory’® Although re-
nanostructure technologies. Surface kinetic effects during orstricted to one dimension and to the limit of vanishing
dering transitions in metallic binary allof8acquire special thermal noise, this theory successfully yields the difference
interest from the scientific point of view as theflow- in time scales for perpendicular and lateral ordering and
temperature ordered phase normally is characterized by aidentifies an anisotropy of the evolving domain structure
multicomponent order parameter, whose components in gewvithin a characteristic penetration depth of the segregation
eral couple differently to a crystal surface with a particularfront.
symmetry and hence will display different relaxational be- Motivated by these studies of the subsurface ordering ki-
haviors. In such cases, the surface is expected to induce rigtetics of C4Au (001), our aim here is to gain more insight
dynamical behavior of the order parameter, predominantly ainto possible surface induced ordering scenariof4B fcc
short times. alloys with the help of dynamical Monte Carlo simulations.

A well studied system is thed01) surface of CyAu, an  As a minimal model with respect to equilibrium properties
fce alloy which undergoes a first-order bulk transition from we choose a lattice with nearest-neighbor interactions among
the disordered phase to the ordetet), structure at a tem- A and B atoms, known to account reasonably for the bulk
peratureT =663 K. In the bulk, Au atoms preferentially oc- phase diagram of the Cu-Au system. Our dynamic algorithm
cupy one of the four simple cubic sublattices of the underlyrelies on the vacancy mechanism, where elementary atomic
ing fcc lattice. The ground state therefore is fourfold moves consist in an exchange oA)Cu or (B)Au atoms
degenerate, and there exist two types of antiphase boundariegth vacanciesv.2°=2" This kind of ABV model, which has
separating the four types of energetically equivalent equilibbeen used before by Frontezhal. in an investigation of the
rium domains. Several peculiar modifications of order neabulk ordering kinetics inA;B alloys?® is physically more
the (001) surface of CyAu have been reported. Below the realistic than the conventional direAiB exchange kinetics
ordering temperatur&, the (001) surface displays disorder and will simultaneously allow us to scale the simulated sur-
wetting®~! Moreover, abovél,, the tendency of Au atoms face induced growth rates with the self-diffusion coefficient
to enrich in the outermogfirst) layer leads to an oscillatory of A andB atoms.
segregation profile with successive Au depletion and enrich- The main results of our simulations af@:the occurrence
ment in even and odd layers, respectiVély® This profile  of two distinctly different modes of progression of the seg-
decays towards the bulk on a length scale given by the bulkegation front, depending on the final temperatiireto lie
correlation lengthg(T), which on extrapolation to lower significantly above the spinodal temperatur@>Ts,
temperatures appears to diverge at the spinodal temperatuiguench into the metastable regimer below, T{<Tg,
Tsp=To—30 K™ Intriguing nonequilibrium behavior (quench into the unstable regiméii) an early time linear
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(constant velocity growth behavior of the segregation front The last summation in Eq2) is restricted to spins in the
in the caseT,,<T;<T, and a characteristic time, where  surface layersi=1 andn=2M + 1, which are subjected to
this linear growth decelerates. Beldw,, it changes over to a the surface field
growth roughly proportional ta'* up to our longest com-
puting times.(iii) A different behavior of lateral growth in h;=Vaa—Ves- ®)
the near-surface region. In connection with this we give agylk equilibrium properties at fixed composition only de-
detailed description of the persistent anisotropy in the neamend on the parametdr Regarding the CW)-Au(B) sys-
surface domain structure. . . tem, it is natural to tak¥gg>0 because of the larger size of
The paper is organized as follows. Section I defines oulAy atoms relative to the Cu atoms, wheréds,<0, Vag
model; its bulk properties and equilibrium surface properties—g gych that bulk interactions will favor “antiferromag-
are tested in Sec. Ill. The subsequent Sec. IV discusses ifetic” ordering J<0. Near the stoichiometric composition
detail _the processes of perpendicular and lateral ordermg%B the emerging bulk.1, structure is described by a four-
Our findings have strong relevance to the temperaturgomnonent order parameter, one conserved concentration
guench experiments on GAu des_crlbed above, although the variable, and three nonconserved componepisy,, and
present model based on spatially uniform parameters fo These are defined via the diﬁerenma§=(c-A>—(c-B>'i
nearest-neighbor interactions cannot be expected to worez; of averagedh andB occupations of the fOlIJI’ equilvélent

guantitatively. In fact, it implies an enhancement of staticSimple cubic sublattices=1, . . . 4 building the fcc lattice
lateral order near the surface as compared to the bulk, "’Wamel)? ' '

effect not borne out in the real material £&w. Enhanced

lateral order at th€001) surface, however, seems to be ob- Yo=M;+Mmy+ms+my,
servable in the fcc alloy G#®d?® Concluding remarks are
presented in Sec.V. Y=my—my—mg+m,,
Il. MODEL AND SIMULATION METHOD =My — My +Mg—my,
Consider a lattice oNXNXM fcc cells with periodic Yz=my+my—mz—my. (6)

boundary conditions in theandy direction. Along thez axis
our system is bound between two free surfaces. Atomic lay
ers normal to the direction with distance are labeled by

Each nonconserved component describes a layerwise modu-
lation of the B-atom concentration along one of the three
with 1=n=<2M+1. Each lattice sité can be occupied ei- cubic axes. The ground stat.e shows fourfold degeneracy,
ther by anA atom, or aB atom, or a vacancy so that the where the four types of_equwalent ordered domains have
corresponding occupation numberd, c®, andc satisfy ~COMPonents ¢, ¢5)/¢y=(-1,11),(1,-1,1),(1,1;-1),
cA+cB+cY=1. In our simplified alloy model only pairwise 2nd (~1,~1,—1). In the ground stateT(=0) the amplitude
nearest-neighbor interactions are taken into account. Thié takes the value/=2.
configurational Hamiltonian then reads The above conditions for the interaction parameters imply
a negative surface field,; <0, favoring an enrichment d3
atoms in the outermost layers=1 andn=2M +1. This is
H= 2> [Vaachc+VeeePel +Vag(clcP+clcf)], (1) to be expected in view of thBB repulsion. As shown by
(D) Schweika and Landdfion the basis of the Hamiltoniai)
and single spin-flip dynamics, the valbg/|J|=—4 is con-
sistent with the experimentally measured concentration of Au

v::awsglf.the very Tmall conce\?tritmn rc])f r\]/acanmes n r,ealatoms of about 50% in the surface layer of;8u(001) near
alloys™ it is natural to assume; <1 such that macroscopic ordering temperaturg, 12

equilibrium properties of the alloy phases will remain essen- |, s present work, all investigations will be based on
tially unaffected by the vacancies. For equilibrium consider-the atom vacancy exchange mechanism, where the energetics
ations one canAthen ignore the vacancies and introduce spi}q given by the complete Hamiltoniait). For the final
variabless;=2c¢;'—1=*1 by which Eq.(1) is mapped onto  chgice of interaction parameters see the next section. To af-
the spin-1/2 Ising model, fect an elementary atomic move in the Monte Carlo runs we
randomly select a nearest-neighbor vacancy atom pair and
, calculate the vacancy atom exchange probability by using
H= _‘J(% Sisi_hz Si_hlZ Si (2)  the Metropolis algorithm. Throughout most of our calcula-
' tions the mean vacancy density is takenc¥s-6.1x 105,
with which amounts to 128 vacancies in a system of typical size
N=64;M=128 with 4N>M sites. One Monte Carlo step
1 (MCS) consists of 4°M attempted moves and is indepen-
J=——(Vapt+Ves—2Vap), (3)  dent ofc”. Clearly, in an actual material the vacancy con-
4 centration generally will depend on temperature and the
amount ofA andB atoms. Our kinetic model with fixed"
h=3(Vgg—Vaa)- (4)  therefore does not allow us to compare time scales of va-

where the summation is over nearest-neighbor pAils.
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.' (o) histograms, we deduced estimates for the boundaries of
g;f:s?md -~ 2 ] the two-phase regions, which reasonably reflect the bulk
& - phase diagram of the Cu-Au system nefr=0.253*

Next we proceed to equilibrium properties connected with
the (001) surface. From our algorithm defined in Sec. Il we
computed equilibrate@-atom concentrations in the surface
ordered | layers as a function di,, keepingJ fixed. As beforeh; and
L1,-phase J are defined by Eq45) and(3). Good agreement was found

with the work by Schweika and LanddtiWe consider this
, , both as a positive test of our algorithm and as an indication
0.25 0.3 that the small amount of vacancies used has practically no
c influence on these static results. In what follows we shall
therefore choose the interaction parameters of owAGu
" ' ' ' ' model such thah,=—4/J|.3> While J andh; are now de-
¢ =025 b - termined via the bulk ordering temperatufg and the Au
015 ¢ A segregation amplitude in the surface layer one more interac-
o1 - ] tion parameter needs to be specified. Our final choice is
.J. VBB: _VAA: _VAB>O W|th |‘]|:VBB/2 Th|S can be
0.05 | - | shown to imply a weak effective attraction between
' T g vacancies®>?’
0 bt Furthermore we remark that the present model displays a

- surface transition at a critical temperatig>T,, which we
estimate ag ;e=1.12T, for cB=0.25. BelowT., the outer-
most layers with nearly equal amounts Afand B atoms
develop a laterall,1) superstructure. With respect to £w,

) ) ) the existence of a surface critical temperature clearly is an
_FiG. 1. (Ba) Phase diagram of thaB binary alloy model in the  g4itact of the present model, connected with the fact that fcc
vicinity of ¢*=0.25. Data points from simulations are connected by|,ice models based on spatially uniform short range inter-
smooth lines. Full line @) and dashed line®@): b_oundanes of the actions are unable to account for surface induced
disordered phase and the ordeteld, structure, with the two-phase di .3
. < Ry . X isordering®® The (001) surface of theL1, structure of
coexistence region in between. Dotted link)( ordering spinodal. CuPd the other hand to f lateral ordéS
(b) Plot of £~2 versus temperature af=0.25, illustrating the de- ~UsF ¢, ON N€ Other hand, appears 1o favor lateral ordering.
termination of the spinodal temperature. Moreover we estimate the splnod_al temperature in a man-
ner as done experimentali§.In the disordered phas® at-

cancy mediated processes taking place at different temper@MS a@ré known to show an oscillatory segregation profile
tures and composition. However, our subsequent studies §€ar th001) surface, with enrichment and depletion in odd

the ordering kinetics focuses on the exact stoichiometri@nd even layers, respectively. When atoms in the outermost
composition A;B (cB=0.25) and a narrow temperature layers are identified with sublattices=3 and 4, the segre-
range neaiT, where changes of" are expected to be of gation amplitude is given by the order parameter component

minor importance. Local order parameters to be used in thé’3- At the surface, its magnitude is determined by the surface

analysis of our simulations are defined in terms of averageli€ld hi1. Below the surface it decays towards the 1%“”‘ ona
of Eq. (6) over one fcc cell. Order parameter profiles and'€ngth scale given by the bulk correlation lengif).™ Ex-

structure factors are obtained by averaging over ten indepefiapolation of data ‘1925(1—) to lower temperatures according
to §(T)~(T—Tsp) < allows one to estimate the spinodal
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dent simulation runs. .
temperatureTs,. Experimentally, To=663K and T¢,=T,

ll. BULK PROPERTIES AND SURFACE SEGREGATION 30K near the stoichiometric composition of {Au.™ Ap
plication of this procedure to our simulation data is illus-

In this section we discuss some elementary properties dfated in Fig. 1b) and yields the ordering spinodal displayed
our model, part of which are already known in the literaturein Fig. 1(a). At c®=0.25 we findT,/To=0.967+0.003%
but they are needed here as a test of our kinetic algorithrithis is somewhat larger than the experimental value but rea-
and as a basis for the subsequent investigations of surfag®nably close in view of the simplicity of our model. Simul-
induced kinetic properties. Figuréal shows the phase dia- taneously we gefsee Fig. 1b)] £(T,)=6a, which again
gram in the vicinity ofc®=0.25 as deduced from simulations agrees fairly well with experimerif. For metallic alloys
of a system with siz&1 =N= 64 and periodic boundary con- where short-range interactions prevail, it is well known that
ditions in all directions. To determine the ordering temperathe spinodal and the nucleation regime connect smodthly.
ture at stoichiometryq®=0.25), we analyzed the decay of a The qualitative significance of the spinodal temperature,
perfectly ordered initial state upon thermalization at differenthowever, becomes apparent from Figgl2zand 2b). There we
temperatures. This yieldsTo=1.83J|, in good agreement compare bulk patterns of the order-parameter component
with literature data KgTo=1.89J|).?%233From a similar 4, at a timet=7x10°> MCS after a sudden quench from
procedure, supplemented by computations of concentratioa purely random initial state to final temperaturés
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FIG. 3. Temperature-dependent diffusion constants aind B
atoms in an Arrhenius representation.

our model, restricting ourselves again ¢6=0.25 and to
temperatures above but close Tg. Diffusion coefficients
D, andDg for A andB atoms are obtained in the usual way
from time-dependent mean-square displacements and are
plotted in Fig. 3 in an Arrhenius representation. Since in our
modelVaa= Vg, the energy remains essentially unchanged
FIG. 2. Bulk domain patternscf=0.25) at a timet=7x10° by a jump of anA atom so thatD, is found to be nearly
MCS after a quench from random initial conditions. Grey scalestemperature independent. On the other hand, because of the
reflect values of the local order parameters between extremal valugs-B repulsion theB atoms will migrate more slowly than the
4 and —4. (a) ¢y, Pattern at a final temperatur;=0.972T, A atoms, andDg decreases upon cooling. As indicated al-
>Tsp. (b)—(d) Patterns ofyy, 1,13 at Ty=0.963, making evident  ready, in a real system will grow with temperature. There-
the two types of domain walls and the anisotropy of the evolvingfgre the individual experimental curvesin, or InDg versus
structures. /T will be steeper than those in Fig. 3. However, the ratio
D,/Dg roughly agrees with experimental data for;8u,
=0.972T,>T,, [Fig. 2@] and T{=0.963T, =< T, [Fig. whereD,/Dg=1.45 atT/T;=1.77% while we findD,/Dg
2(b)], respectively. Snapshots were taken in a section parallet2 at the sam&/T,, ratio.
to the (xy) plane. In the first case only small ordered do- Let us close this section by a brief remark on the distri-
mains have nucleated in an essentially disordered baclkbution of vacancies in our system with free surfaces. First of
ground[Fig. 2(a)]. By contrast in Fig. th) we observe a all, vacancies tend to enrich in the outermost layers. For
continuous domain pattern typical of spinodal ordering. Atexample aff/T,=0.972 we find a surface vacancy concen-
that temperatureT;=0.963T,) the same type of patterns is tration of aboutcy,.c=2.5X10 %, much larger than the
seen also at shorter observation times. For a complete chawsverall concentration. The fact that vacancies are expelled
acterization of the evolving domains in Figb2 we need in  from the bulk suggests that in fact we are dealing with a
addition they, and /3 patterns displayed in Figs(@ and  model for a stable solid which, when regarding the complete
2(d). From the gray scales in Figs(—2(d) one can easily ternary ABV) system, would be phase separated from the
see that inside a domain we hayey,>;<0. Furthermore, “vacuum” (vacancy-richphase. Furthermore, when analyz-
the well-known two types of antiphase boundatesre re- ing the above-mentioned layered structure along zteeis
covered. For example, boundaries wheteand /3 simulta-  caused by surface segregation, we find that vacancies deplete
neously change sign in thedirection are the “low-energy” in the AB layers and enrich in th& layers. The reason is that
(type-) domain walls and in fact cost no energy in our the BB repulsive energy ilAB layers becomes minimized
nearest-neighbor model. These walls are almost completelyhen vacancies avoi& sites. The resulting oscillations in
flat and turn out to be rather stable. On the other handthe vacancy density along theaxis have an amplitude of
boundaries wheres, and ¢; simultaneously change sign in about 30% relative to the average vacancy density.
the x direction are “high-energy”(type-2 walls where
curvature-driven coarsenin_g is much more effective than for IV. SURFACE INDUCED ORDERING KINETICS
type-1 walls. Bulk coarsening effects at quench temperatures
lower than those considered here have been simulated in de- Now we turn to the question of how order evolves in a
tail by Fronteraet al?® These authors obtained coarseningsystem with free surfaces. Quench conditions are chosen as
exponents smaller than that in the conventional Lifschitz- in Sec. Il with final temperatures beloW but in the vicin-
Allen-Cahn coarsening law, where=1/2, and interpreted ity of Tg, (0.9sT;/Ty=<1). First, within few MC stepsB
their findings in terms of the presence of those stable lowatoms enrich in the surface layer to a concentration of about
energy walls. 50% and deplete in the adjacent layer, thereby establishing
In addition we extract tracer diffusion coefficients from local equilibrium as enforced by the surface fidlg This
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FIG. 4. 5 patterns aff{=0.972T,, for three
different times after the quench, illustrating
propagation of a surface induced ordering wave.

nal penetration depth is about six atomic layers, which is of

interval considered. This process in turn induces moves of the order of the bulk correlation lengthin the disordered
atoms from even to odd layers within an increasing depttphase at that temperature. On the other hand, whgn

from the surface, thus forming @5 front which penetrates
into the bulk. As an example, we show in Fig. 4 thig
distribution in a section parallel to they,z) plane atT;

<T{<T, we see that after a short transien{t) grows
more or less linearly with time within an extended time in-
terval. This allows us to introduce a penetration velocity

=0.972To>Ts,, for three different times after the quench. ,(T) which increases upon lowering the temperature. For
The patterns clearly demonstrate a systematic progression gkample, aff;=0.972T, we find thatzs(t) grows linearly

an ordered state with fixegbositive sign of 5. Taking av-

up to at least 1D MCS, where it reaches about 70 atomic

erages over sheets parallel to the surface, we obtain profilggyers: see also Fig. 4. In determiningT), shown in Fig. 7,

3(z,t) which are plotted in Fig. 5. At=10* a plateau re-
gion for smallerz has evolved with/; values in the vicinity
of the equilibrium order parametegr=1.79 at that tempera-
ture, before the profile decays to zero for largeEvidently,

care has to be taken with respect to the lateral Kizd the
system. For smalN the system is likely to develop single
(closed domains in the lateral direction within the front re-
gion. Increased order of this type will speed up the penetra-

the thickness of the interface between the partially orderetion process. ThiN dependence af is exemplified in Fig.

state and the bulknot penetrated by the; front) increases

6(b) for T;=0.972T,. Data up tot=10* MCS, however,

with time, an effect expected to arise both from growingseem to converge sufficiently at our largést 128. More-

intrinsic capillary wave fluctuatioi$and from bulk fluctua-

over, using agaiN= 64, we have also tested the influence of

tions in all three order-parameter components with the charthe vacancy concentration an. At T;=0.972T,, results

acter as in Fig. @), to be “incorporated” into the front dur-
ing propagation. The profileg;(z,t) allow us to define a
time-dependent penetration deptlzz(t) by setting
W3(z3(t),1) =3 3(01). Plots of zg(t) for a series of final
temperatures; are shown in Fig. @ for a system large
enough in thez direction (N=64,M = 128) to avoid the/,

fronts induced by both surfaces to overl@m fact, data in
Figs. 5 and 6 contain an average over those two frpAss.

with ¢V=3.05x 10 ° (64 vacancies are indistinguishable
from those shown in the figure. Hence the vacancy system
appears to be in the dilute limit also with respect to growth
processes of this type. Note that for &w the experimental
vacancy concentration a, is even lower!

As seen from Fig. 7, when temperature is decreased from
To, the velocityov (t) first increases with upward curvature,
but decelerates wheh~Ts,. Sufficiently belowTs, linear

expected, after a quench not passing the phase boundagyowth can no longer be identified andT) becomes unde-

Z5(t) rapidly saturates. For example, Bt=1.006T,, the fi-

— 1.10* MCS
5.10° MCS |
1-10° MCS
-~ 1.10° MCS
110! MCS ]

T;=0972T,

y3(z,t)

100 120 140
z/a

FIG. 5. Average profiles/s(z,t) for several times after the
quench.

fined, see the cask=0.911T, in Fig. 6(a). Some estimates
based on mean-field arguments concerning the order of mag-
nitude ofv(T) are presented in the Appendix.

When temperature falls near or beloly=0.963T,, a
new regime of slower growth beyond some crossover time
t* becomes detectable within the time window of Figt®.
decreases with temperature, so that the regime of linear
growth shrinks. Notice in addition the nonmonotonous be-
havior of z3(t) as a function of temperature for fixed obser-
vation timet. As indicated already, the strong shrinkage of
the linear regime, wher& tends to merge with the short
time transient, occurs at temperatures slightly below but very
near the spinodal temperatufg,~0.967 discussed in Sec.
Il on the basis of static considerations. Regarding these sur-
face phenomena we conclude that the spinodal temperature
as estimated via the static segregation profiles separates two
distinct dynamical regimes, roughly characterized by the
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FIG. 6. (a) Time-dependent penetration degt{t) of the /5 front (see Fig. 5 for various final temperature¢h) Dependence af;(t)
on the lateral system siZ¢. (c) Time-dependent penetration depth in a double logarithmic representation for three different temperatures.
The growth behavior for large timesp tot=2x 10* MCS for the two lower temperatures compared with a%/* law (straight ling. At
T;=0.963T, a comparatively short time domain of linear growth appdsee the steeper straight ljnep to the crossover time" .

presence or the absence of surface induced lite@rstant  6(c). The data in the range=2x 10> MCS appear to follow
velocity) growth in an intermediate time domain. a power lawz;(t)=t" with n=0.27+0.02. The appearance
The slowing down of the front motion beyond the linear of such small growth exponent is confirmed by additional
regime, i.e., fot>t*, clearly originates from its competition sjmulations at a temperatufig = 0.759T, considerably be-
with nearly saturated domains that have already nucleated iy Tep, also shown in Fig. @). These data indicate in

the bulk. Crudely speaking,* will be determined by the aqdition that the onset of this type of power law is moved to
interplay of two dynamic quantities, the penetration velocityeaylier times when temperature is lowered. Conversely, data
v(T) and the nucleation rate of ordered domains. Moreover,, T,=0.963T, display a crossover to a slow temporal

unstable growth of bulk domains at temperatuigs<Ts,  qrowth compatible withn~1/4 at a larger crossover time,

totally suppresses the linear regime. To investigate this Sitl‘ﬁ'ndicated ag* in Fig. 6(c). Since the penetration depth up to

ation more closely, we carried out even longer runs up to L -
' t=2x10* stays significantly smaller than the system sine
=2X 10" for the caseT{=0.911T,. Results at that tempera- _, . - Y a 9 y nmne sy g
. . 7 this caseN=M =128), we expect that finite-size effects do
ture for zz(t) in a log-log representation are shown in Fig. . . S
not play an essential role in estimating that expomerRre-

001 o ' ' liminary results for the structure factor of a bulk system seem
to confirm that value of, although no definitive conclusions
0008 I © ] concerning the asymptotic long-time behavior can be drawn
from these studies so far. Nevertheless it is interesting to
0.006 | o . compare our findings in Fig.(6) with recent work by Casta
and Lindgad.*°*' These authors studied coarsening pro-
0.004 ¢ = 1 cesses in a two-dimensional system involving both curved
o and flat(zero curvaturedomain walls. The latter were es-

] sentially immobile and could be removed only by the pro-
. o gression of an intervening curved wall. Such a situation ba-
%.96 0.98 1 102 sically is encountered also in the present model, where
type-1 antiphase boundaries turn out to be essentially immo-
Te/ T,
bile. This stability of flat walls induces an overall growth
FIG. 7. Penetration velocity(T) versus temperature. exponent which is smaller than the classical Lifschitz-Allen-

v [a/MCS]

0.002 r
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a) y, b) v, ©) v,

FIG. 8. Lateral domain patterns féa) ¢, and
(b) ¥, in the near-surface penetrated region with
nearly uniform i, [see(c)] at T;=0.911T,, t
=10* MCS. Notice the absence of type-1 walls
(see text

| T,=0911T, 4 2 0 2 4
x —————

Cahn exponenn=1/2*>* Casta, in fact, gave arguments wherea=1 to 3 andy,(k;,zt) is the lateral Fourier trans-

in favor of an exponenh=1/4. A similar conclusion with  form of the local order parametefa(F,t). Note that vacancy
respect ta was reached by Deymiet al* from studies of  gepletion inAB-type layers and enrichment i type layers
a different model with two types of contacts between do-(see Sec. )l expands the overall time scale for lateral order-
mains. ing. While the behavior ok;(t) reflects a rapid transition to
Next we study lateral ordering within layers parallel to the 5 near-uniformy; distribution[see Fig. &)], the data points
(xy) plane at a deptlz from the surface. This process pro- for k (t) with a=1,2 in Fig. 9 seem to approach a growth
ceeds in different ways depending on whetlaerz;(t) or  pehaviork (t)~t" described by the Lifschitz-Allen-Cahn
z>174(t). When analyzing the layer=M midway between  eyponentn=1/2. In fact, our results indicate curvature

the two surfaces, representative for the latier case, We 'gyiven coarsening in the lateral directions, distinctly different
cover the characteristics of bulk ordering as described briefly,gy the perpendicular growth displayed in Figc

in Sec. lll, see also Fig. 2. Our main objective, however, is
the near-surface regiom<z;(t) and consequences of the
surface-induced segregation wave. As emphasized V. SUMMARY AND CONCLUDING REMARKS

18,19 < P ; H : ] ) )
before, ™ “for 2<z5(t) the sign ofys is essentially fixed to Surface induced ordering processes in an fcc alloy model

#3>0 so t@t only two types of domains can appear.were studied on the basis of the atom vacancy exchange
(1,2, 3)/=(1,~1,1) and ¢1,1,1). These correspond mechanism. One essential result of our simulation studies is
to the two waysB atoms can form a (1,1) superstructure onhe appearance of a segregation wave induced at the surface
the square lattice building an odd\B-type) layer. Walls 44 propagating into the bulk immediately after a tempera-
between those domains encountered when going in the lafyre quench across the ordering temperaiyeThis feature

eral direction are exclusively of type 2, whereas type-1 wallsyt oyr model qualitatively agrees with peculiar subsurface
are parallel to the surface. To analyze this situation furtherordering phenomena at gAu (001) observed in recent

we have enlarged the system in the lateral di.rectionNto x-ray experiment&® In the regionz<zs(t) covered by the
=256, but restricted ourselves M =8 so thaty;; is nearly  segregation wave, the present model with nearest-neighbor
uniform along thez axis. Patterns of all three order- jneractions only shows an increased tendency to build up

parameter components were extracted from atomic layers |4teral order. The experimental verification of this effect may
and 8 midway between the two surfaces. An example wittyenend on the alloy material under consideration.

T¢=0.911T, andt=10* MCS is shown in Fig. 8. In fact,
domain walls in Figs. & and (b) with simultaneous sign

1
changes of;, and ¢, are always curved, indicative of type- 10 ' ' '
. . T;=0911T, - k; (®)
2 walls, and the domain structure appears completely isotro- 0 k()
pic, in contrast to the anisotropic shape of bulk domaais 107 4 papae o e Ky () ]
Fig. 2. Figure §c) depictsy,; which is nearly constant. _ .

The time-dependent average size of domains in ¥hg ( g w0t}
section of Fig. 8 is analyzed in Fig. 9, where we present f: Y '
results for the first moment, 1072} '~._ t

3 .-'.
107" F - 1
;” kHSa(kH ,Z,1) . . . :
Ko(z,t)= : (7) 10" 107 10° 10*
; Sa(kj,z,t) £ [MCS]
{

) ] FIG. 9. First momentsk,(t) of lateral structure factors
of the time-dependent lateral structure factor, defined by S.(kj.z,t) in the same X,y) section as in Fig. 8, forTy

=0.911T,. The behavior ok, (t) =k,(t) at long times is compared
Su(K| ,Z,t) = (] Pa(K| ,Z,1)|%), (8)  with the Lifschitz-Allen-Cahn predictiofstraight ling.
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A second important conclusion confirmed by our simula- r v u 2
tions is the existence of an anisotropic domain structure in f=> (Tﬂfﬁ‘zlﬁi t2 > | Wi
the near-surface regiarn< z;(t). Only two types of domains “ “ (A1)
and, forz fixed, only high-energy domain walls appear, as
opposed to the well-known domain structure in the bulk withwith r=ro(T—Ts);ro>0;u>0;|v|<u;w>0. The ordering
four types of domains and both high- and low-energy wallstemperatureT, is determined by (To)=(2/9)w?/ (3u+v)
in either direction. Since in GAu z3(t) can become larger and the order parameter & has the magnitudéy,|= ¢

than 200 A’® or about 50 atomic layerén our simulations  with ¢=(2/3)w/(3u+v). Regarding the penetration of the
more than 70 atomic layersthis should offer the possibility segregation wave as a one-dimensional process along the
to grow films of mesoscopic thickness with an anisotropicaxis (perpendicular to the surfagave assume an equation of
domain structure not realized in the bulk. An interestingmotion for ¢3(z,t) of the form
question for future work concerns films with odd and even
numbers of atomic layers and overlappisg fronts induced of
by both surfaces. dps=—T| - = Kl/f%) (A2)
Moreover, our present studies exemplify different order- £
ing scenarios that may emerge more generally in systemgith a kinetic coefficientl’ and K>0. Two limiting cases
whose bulk structure requires a multicomponent order paconcerning the coupling of/; with ¢, and ¢, can be con-
rameter, and where the surface favors some kind of partiadigered such that EGA2) becomes a closed equation s
ordering. Concerning domain growth in our model, we havegnly. Thereby it turns out that the simulated velocity falls
to distinguish between perpendicular and lateral growthetween these two limits. First, if the parameters are such
modes, between a near-surface partially ordered refgon that the evolution of lateral order, expresseddayand i,
<z3(t)] and the bulk regiohz>z5(t) ], and between quench considerably lags behind the progression of ghdront, one
temperatures; above and below the spinodal temperaturemay set in(A2) ;= ,=0. In this case, the formAl) of
Tsp- At least three distinct coarsening schemes at intermedihe free energy density allows a nontrivial solution for a
ate or long times were observed. T, <T;<To, perpen-  propagating front only at temperaturs: T, with a veloc-
dicular order initially grows linearly witht such thatzs(t) ity of propagatiorv = (T,— T)Y21° Correspondingly, we ob-
=ypt for t<t*, while for t>t* our data indicate a temporal tajny=0 for T>Ts,, contrary to Fig. 7. However, simula-
regime wherezs(t) ~t". On the other hand, f&F<Tsythe tions of our nearest-neighbor interaction model indicate that
regime of linear perpendicular growth is suppressed. Analytateral order at least on small length scales evolves almost
sis of the typical domain structure in the lateral directionsimultaneously with the front motion in the perpendicular
shows that in the regior<zs(t) it is isotropic and coarsens direction. This suggests to consider a second, in fact opposite
according tok, (t)~t*? at long times @=1;2) while for |imit, namely thaty, and ¢, instantaneously relax towards
z>175(t) one recovers bulk behavior. the *“local equilibrium condition” ¢, = — ¢,= = /5. This

Besides some open questions addressed already above yiglds the approximatiom i y,= — w3, to be used in Eq.
like to point out that nonstoichiometric alloys should in prin- (A2). Introducinge= 5/ and the “potential”

ciple display even more rich and interesting behaviors, in
particular in cases where ordering and phase separation occur

simultaneousiy” V)=~ HI[3r(To) 1= 51111 (To J? 5 ¢%(p 172
(A3)
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ing point are time-dependent Ginzburg-Landau equationsatoms, along the axis, which yieldsDg/a?=2I"r(T,). Us-
based on the free energy densfit/1,,,¢3) as given by ing §,=6a, this gives the relatiom(Ts,)=4(Dg/a), inde-
Lai*” for the CuAu structure, pendent of the Monte Carlo time unit. From the simulated
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value Dg=0.04a>/MCS at T,, see Fig. 3, we obtain Of the simplifications made, especially in view of the neglect
v(Tsp)=0.16/MCS. Comparison with Fig. 7 shows that of lateral fluctuations. These may strongly reduce the pen-
these simple arguments overestimate the velocitysgtby  etration velocity, an effect already inferred from thede-
about one order of magnitude. This is not surprising in viewpendence of the velocity displayed in Fighi
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