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Effects of vacancies on overshooting in nonequilibrium ordering processes

Henriette Gilhg,* Claus Jeppesehand Ole G. Mouritseh
!Department of Physical Chemistry, The Technical University of Denmark, Building 206, DK-2800 Lyngby, Denmark
2Materials Research Laboratory, University of California, Santa Barbara, California 93106
(Received 31 October 1995

The effects of annealed site dilution on the nonequilibrium ordering process in the two-dimensional Ising
model with a nonconserved order parameter have been studied using Monte Carlo simulation. It is found that
the transient development of a local order that is larger than the equilibrium @wenshooting, as recently
reported in the pure Ising modgH. Gilhgj, C. Jeppesen, and O. G. Mouritsen, Phys. Rev. [#t.3305
(1995)], persists in the dilute model and is accompanied by a depletion of the vacancies within the ordered
domains[S1063-651X96)11505-1

PACS numbgs): 05.70.Ln, 64.60.My, 64.60.Cn, 75.40.Mg

Most model studies of nonequilibrium ordering processes The results are obtained from Monte Carlo computer-
following a sudden quench in temperature have focused osimulation calculations performed on a simple lattice model,
either the very early stage, where linearized theories can bi&e two-dimensional ferromagnetic Ising model on a triangu-
invoked, or the late stage where asymptotic scaling laws anl@r lattice with annealed vacancies. The model is defined by
concepts of universality apply,2]. Less attention has been the Hamiltonian
paid to the intermediate time regime where several length
scales may be important corresponding to different types of H==3, nin;o;o;, (1)
ordering. In general, there are at least two different length (.5
scales in this regime, one being the average linear size of the
ordering domain and the other being the correlation length ofvhereJ>0, o;=*1, n;=0,1 is a site occupation variable,
the fluctuations within the ordered domains. The latter lengtifnd the summation is over nearest-neighbor sites. The lattice
scale reflects the degree of local, average domain order. containsN lattice points and is subject to periodic boundary

Lately, evidence has accumulated that, whereas the avegonditions.
age domain size is an increasing function of time, the local The vacancy concentratiomp=(1—1/NXn;), is kept
domain order is a concave function of time exhibiting afixed during the simulations and only a single vacancy con-
maximum at intermediate times. This maximum appearsentration,p=0.01, has been considered. This concentration
above the equilibrium value of the global order parameteris sufficiently low to ensure that the Ising-type critical point
This phenomenon, calleavershootinghas been observed in is sustained although slightly suppressed in temperailire
several computer simulation studies of different simpleThe phase diagram for the diluted Ising model has a line of
statistical-mechanical lattice moddB-5] as well as in ex- continuous transitions from the pure system critical point at
periments[6]. Overshooting has been hypothesized to be &gT./J=2/In3=1.82 and ending in a tricritical point. This
consequence of a subtle competition between nonequilibriurline separates a dilute ferromagnetic phase from a dilute dis-
enthalpy and nonequilibrium entropy as the system tries t@rdered phase. Below the tricritical point there is a broad
lower its global free energy. The domain enthalpy, being aegion of phase separation between a dilute ferromagnetic
local system property, is minimized very quickly, whereasphase and a vacancy-rich disordered phase.
the entropy, which is a global measure, only become maxi- The microscopic dynamics used in the simulations is
mized over much longer time scales. The domain enthalpysingle-spin-flip(Glaubey dynamics for the Ising spins along
and consequently the domain order, overshoot their respevith Kawasaki two-site exchange between vacancies and
tive equilibrium values. Analogously, this phenomenon mayspins. The two types of dynamics are assumed to be inde-
be described as a transient accumulation of disorder in theendent and are for simplicity taken to occur on the same
network of interfaces bounding the ordered domains. characteristic time scale. The actual choice of time scales is

This present paper elaborates on this hypothesis by studyot qualitatively important for the results to be presented.
ing the effects of diffusing vacancies on the overshootingThe use of Glauber dynamics for the Ising spins automati-
phenomenon in the Ising model when quenching into a onecally implies that the global order parameter, in this case the
phase ordered region of the phase diagram. In comparisonagnetization given b =(N~'=;n;c;), is a nonconserved
with the pure system, the dilution implies an additional con-field. As the acceptance criterion for the Monte Carlo
tribution, the entropy of mixing, to the total system entropy.simulation, the usual Metropolis algorithm,
The dilution percentage is chosen to be so low that the phagain{l,exp(—A.7/kgT)}, is chosen, whereA.7% is the
to which the quench is performed is a one-phase state. Thehange in total internal energy associated with the attempted
ordering process can now be described quantitatively bypdate. Time is measured in Monte Carlo stéd€S) per
three different real-space measures as defined below: the alattice site. The effects of finite size have been assessed by
erage domain size, the average domain order parameter, anging three different system sizé$=200?, N=50C, and
the average vacancy concentration in the domains. N=100C. The system is prepared at infinite temperature,
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corresponding to a completely random state, and then instan- »
taneously quenched to a temperature below the order-
disorder transition line. With a quench temperature of .|
T/T.=0.8 and a vacancy concentration@£ 0.01, the sys-
tem is quenched into a one-phase state, the dilute ferromag-
netic phase. Ry(0)
The temporal evolution of the order in the system is then 100 ¢
monitored in three different ways as mentioned above. To
account for the macroscopic order, the linear sRg(t), of
the domain has been calculated using the fact that, according
to scaling and provided that the domain boundaries are lo-
calized, the total length of the boundary network, i.e.,
~Rg(t) "%, is inversely proportional to the excess energy
[8]. Hence 'y 10 100 ; 1000 10000
Re(t)=( )7 /[ A1) — ()], @

FIG. 1. Double-logarithmic plot of the average linear length
where (%)t is the internal energy at temperatufe and  scale,Rg(t) in Eg. (2), versust for both the pure §=0) and the
/() is the ensemble average energy at titnéuring the  dilute (p=0.01) Ising model. The top curve is displaced for clarity.
guench. These values have been obtained by averaging ovEpe dash-dotted line is"2, the ideal Lifshitz-Allen-Cahn growth
a fairly large ensemble, i.e., many quenckigpically in the  1aw. The temperature isT/T.=0.8 and the system size is
range 5-50, depending on system kize N=20C. Time is measured in units of MCS per lattice site.

We are, in particular, interested in the temporal evolution )
of the local ordering, i.e., the order within the domains. Anchoices made foN_(=4) andN.(=100) do not qualita-
ordered domain is defined as a set of lattice points spanndiyely affect the results. In the thermodynamic limit, the
by a nearest-neighbor connected cluster of spins in the sangéluilibrium global order parameter, defined as the
spin state. We have defined a time-dependent local, averag¥mmetry-broken one-domain state, ¥§(T), and in the
domain order paramete¥,(t), according to the following 1ong-time limit the relation¥ o (t—<)=¥(T) holds. That
rules: (i) Only domains, labeled, of size(area N, beyond these are not strictly the same is due to_the mtroduc_tlo_n of
a certain minimum sizel, , are included in the averaging. the lower cutoff,N_, which is necessary in order to distin-
(i) Clusters in these domains that are larger than a certaiiuish domains from spin excitations. As a second measure of
lower sizeN_ , are considered as separate domdiii3.The the local order Wlthln the ordering domalns, we have _calcu—
contributing domains are weighted according to their arealdted the domain vacancy concentration in analogy with Eqg.

Apart from these restrictions, the definition 8f(t) is () i-€.,

10 |

equivalent to the usual definition of the global order param- M “TM Ny
eter (the magnetization and can formally be written in the Proct)=1— 2 Ny 2 2 N, (4
form K k=1 i =1
M “IM | Ny
Wioc(t) = ; Nk) gl ikzzl i iy ) In Fig. 1 the time dependence of the linear length scale,

Rg(t), is shown as calculated from E). For comparison,
whereM is the number of separate ordered domains largethe analogous growth curve for the pure systgm=0) is
thanN_ found in a given configuration. The bar in E®@) included in the plot. It is seen that both curves follow an
signifies an ensemble average. We have verified that thalgebraic growth lawR(t) ~At", over several decades. The

FIG. 2. Semilogarithmic plot of the local do-
main order paramete ,(t), as defined in Eq.
(3). The arrow on the right indicates the equilib-
rium value, ¥(T), for a system of size
N=20C¢. Results for three system sizes have
been superimposedN=200, N=50¢, and
N=100C¢. There is no significant size depen-
dence. The longest run is fd¢=20C¢ and only a
single quench which explains the large fluctua-
tions. The quench temperature ®T.=0.8.
Time is measured in units of MCS per lattice site.
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FIG. 3. Semilogarithmic plot of the local do-
main vacancy concentratiop,,(t), as defined in
Eg. (4). The local vacancy concentration is
monotonically increasing. The system sizes are as
in Fig. 2. Time is measured in units of MCS per
lattice site.
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growth exponentn, is slightly less than the expected value In conclusion, we have studied the domain growth kinet-
1/2 [1] but is apparently the same for both systems. Hencdgcs in an annealed site-diluted Ising system over a wide time
the growth of the domains is monotonically increasing andspan, including the early and intermediate time regimes. As
the growth exponent is not affected by the introduction of theexpected for a system with a nonconserved order parameter,
vacancies. The amplitudé, however, is different. This is the linear domain size grows at late times according'faas

not surprising, since the amplitude is a nonuniversal quantitpredicted by the classical Lifshitz-Allen-Cahn thedry/].

and is therefore expected to depend on both the quench teriD€ slight deviation in the growth exponent from the ex-
perature and microscopic details. pectedn=1/2, seen in Fig. 1, is most likely due to the fact

In Fig. 2, the local domain order parametdf,,(t), as that when the local order is higher than the equilibrium or-
. 1 0C' il

defined in Eq.(3), is monitored as a function of time for der, the domain energy is lower. Therefore, not all of the

three different system sizes. There are some fluctuations fpicess energy Is located in the boundaries and the assump-
the data, but no significant system-size dependence. The | jons leading 1o Eq(2) are not fully correct and lead to an

cal domain order is obviously a nonmonotonically varying\l:v?t?]?r:efglmztemon ?rt r? a}r“ri: tIT,e?' hthet Ioi;:al OrdiI(iatr)Irri]gm
function of time exhibiting a distinct maximum. Further- € domains transiently overshoots 1ts equ u

more, the maximum is above the equilibrium value of thevalue, and concomitantly, the vacancies are expelled from

local order parameter. This phenomenon has been termé € do'f“ams- The _effect of difft_Jsing yacancies on ordering
overshootingand it has previously been observed in severa ynamics has previously been investigated by Srolovitz and

different system$3,4,6] including the pure Ising modé¢b]. thaSSOKI?r]] ursmg lth? stagwtehm:)dellas Eer?\’trE?- r,?ltr;?/ughn i
As previously mentioned, the quench is into the ferromag- ese autnors calculated the local concentration ot vacancies

netically ordered phase where the vacancies in equilibriurﬁn the various parts of the sys';em,_ their da_ta did not_ reveal
gw_e depletion effect of vacancies in the Ising domains be-

are dispersed in the system. Possible time-dependent deviCa se their ench  temperature as or o
tions from the equilibrium distribution of the vacancies can u Ir- qu peralu was = Very W
be gauged from the domain vacancy concentrajigq(t) in (T/T.=0.04). At this low temperature, the equmbrlum state
Eq. (4), as shown in Fig. 3. This figure demonstrates that l‘orOf the system cor_responds to phase separation between a di-
the times shownp,(t) is less than the equilibrium value, lute ferro_magne_ztlc phase and a d|s_ordered, vacancy-rich
p=0.01, and it increases slowly towards this valpg(t) phase. Still, their results agree well with the results of both
— V. l € . .

loses its physical meaning at very early times where the conRefS' [4’5].’ in the Sense that It was there ShO.W“ that the
cept of an ordered domain is lost. Hence, we have found th qvershoptmg effect is decreagmg with decreasmg tempera-
the domains are transiently depleted in vacancies that a?}%' re{hv;?lt(;]he, gvteurrsr;;or:)%i bee?fne :;Tt;esr%;eéi?rgsi? s:?ri'gl suggest-
accumulating at the domain boundaries. Only at later times 9 9 P gm.
do the vacancies, along with the annealing of the domain This work was supported by the Danish Natural Science
pattern, dissolve in the ordered domains again. The depletioResearch Council and partially supported by the MRL Pro-
of vacancies in the domains also contributes to the overgram of the National Science Research Foundation under

shooting inW o(t). Contract No. DMR-9123048.
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