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Anisotropic ordering in a two-temperature lattice gas

Attila Szolnoki,»? Gyorgy Szabo! and Ole G. Mouritsef
IResearch Institute for Materials Science, P.O.B. 49, H-1525 Budapest, Hungary
2Department of Chemistry, Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 25 October 1996

We consider a two-dimensional lattice gas model with repulsive nearest- and next-nearest-neighbor interac-
tions that evolves in time according to anisotropic Kawasaki dynamics. The hopping of particles along the
principal directions is governed by two heat baths at different temperalyrasdT, . The stationary states of
this nonequilibrium model are studied using a simple mean-field theory and linear stability analysis. The results
are improved by a generalized dynamical mean-field approximation. In the stable ordered state the particles
form parallel chains which are oriented along the direction of the higher temperature. In the resulting phase
diagram in theT,-T, plane the critical temperature curve shows a weak maximum as a function of the parallel
temperature which is confirmed by Monte Carlo simulations. Finite-size scaling analysis suggests that the
model leaves the equilibrium universality class of #ag model with cubic anisotropy and is described by the
Ising exponents.S1063-651X%97)09802-4

PACS numbds): 05.50:+q, 05.70.Ln, 64.60.Cn

I. INTRODUCTION served in models with sublattice ordering, e.g., in square
lattice gases with repulsive nearest- and next-nearest-
Systems driven into a nonequilibrium steady state can reneighbor interactions of equal strendtf. In the half-filled
veal a number of features not characteristic of the equilibsystem the particles form alternately occupied and empty
rium state. In many cases the nonequilibrium conditioncolumns(or rows. That is, here the symmetry breaking ap-
breaks thex-y symmetry of a two-dimensional system. The pears locally in the fourfold degenerate ground states. The
effect of this symmetry-breaking condition is especially in- ordering process is well understood in this mo&B] and
teresting when the ground states of an equilibrium modethe effect of a uniform driving field on the ordering process
also violate thex-y symmetry. An example is the well- has also been investigatet]. It was found that the phases
known two-dimensional lattice gas model with attractive consisting of chains of particles perpendicular to the external
nearest-neighbor interaction and conserved deridity In  field become unstable. In other words, in the stationary state
the half-filled system the degenerate ground states violate thbe chains are oriented along the field. Consequently the
x-y symmetry of the system. Below a critical temperature thechain orientation of the ordered phase can be controlled by
disordered(high-temperature phase separates into a high- the application of a uniform driving field with a suitable
and a low-density phase with interfaces that can be orientedirection. A similar effect may be conjectured when using an
either horizontally or vertically if periodic boundary condi- alternating field which is technically easier to realize. This
tions are imposed. A simple way to introduce a nonequilib-conjecture is the motivation for the present work.
rium symmetry-breaking condition on this model is to drive  The equilibrium version of the present moddl, & Ty)
the lattice gas as suggested by Katzal. [2]. In the driven  belongs to the family of Ashkin-Teller mode]l§1] exhibit-
model, the particle jumps are under the influence of a uniing ground states with broker-y symmetry on a square
form external electric field whose direction is chosen to bdattice. These models are widely used to study anisotropic
parallel to one of the principal ax¢8]. In this case it turns ordering of adatoms on crystal surfad@12,13. In addi-
out that the interface is always parallel to the driving field. tion, the oxygen ordering in the family of YBCO supercon-
The so-called two-temperature modé¢ls—6] imply an-  ducting oxides was successfully described with such a model
other way to impose anisotropic dynamics. In these modelgl4]. In these materials the effect of an external electric field
the particle jumps are coupled to two different heat bathspn the oxygen ordering has also been investigat&d It is
that is, the Kawasakiexchangg dynamics is characterized found that the direction of Cu-O chains can be controlled by
by two different temperatureq,, and T,, along thex and  the application of an electric field. This phenomenon is gen-
y axes, respectively. Contrary to the standard driven diffu-erally related to the appearance of an induced electric dipole
sive systemg2], these models do not exhibit macroscopic moment of the oxygen atoms. So far, a reorientation process
particle current through the system. The two-temperaturdias been demonstrated when the jump rates are affected by
models can be considered as a simplified description of than external field16]. According to the present work a simi-
effect of an alternating electric field causing an increase ofar behavior is expected when applying an alternating field
jump rates along the applied fie[8]. (or polarized light during a high-temperature annealing pro-
In the above mentioned system with attractive interactionsess in an oxygen atmosphere. In general, we can say that the
the symmetry breaking is represented by the orientation ofnanipulation of the ordering process with similar “*dynami-
the interface separating the high- and low-density phasesal tools” is possible for those systems which undergo spon-
while the particle distribution remains isotropic in the bulk taneous symmetry breaking accompanied by anisotropic
phase. Significantly different symmetry breaking can be obiransport properties.
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In the present paper we demonstrate that the ordering pro- The time evolution ofn, is determined by summing the
cess exhibitingk-y symmetry breaking can be affected by contributions of the elementary jumps modifying the particle
taking the jump rates to be anisotropic. For this purpose welensity in sublattice 1, namely,
shall study the sublattice ordering in a square lattice gas
within the formalism of a two-temperature model. In Sec. Il dn,
we introduce the model and investigate it by adopting a  gr ~  2N1l(17N2)9x(E2) +(1—n4)9,(Es)]
simple dynamical mean-field theory. Linear stability analysis
is also performed to distinguish the stable and unstable solu- +2(1—n1)[N29x(E12) + N30y (E14) ], v
tions. In the light of the results obtained, the phase diagram
is calculated at a higher levélour-point approximationof ~ WhereE;; is the average value dfH when a particle jumps
dynamical mean-field theory in Sec. Ill. The results are com{from sublatticej to i. Similar equations can be derived for
pared with Monte CarldMC) data. In addition to the non- the other sublattice occupation variables. Assumingxal 2
equilibrium phase diagram we also study the nonequilibriunPr 12 structure(vertical or horizontal chainsthe station-
critical behavior of the model by finite-size-scaling analysisary solution to Eq(2) obeys the following general form:

in Sec. IV. Finally we summarize and conclude in Sec. V. .
+m,
—m =exp(3m,/2T,), 3)

Il. MODEL @

We consider a half-filled lattice-gas model with isotropic wherea=x ory. In the equilibrium case, i.e., fof,=T,,
nearest- and next-nearest-neighbor repulsive interactiori§is simple approximation predicts a continuous phase tran-
with equal strength on a square latticg,{=J,,=1). As sition at a critical temperatur&{"”=3/4. WhenT,#T,,
usual, the coupling constants as well as the Boltzmann corthe jumps along the chains do not modify the particle density
stant are chosen to be unity for convenience. The kinetics igithin the chaing(and the value of the corresponding order
governed by Kawasaki dynamics characterized by single paparameterand the particle density therefore only depends on
ticle jumps to one of the empty nearest neighbor ditg§.  the perpendicular jump ratge., the perpendicular tempera-
To avoid the difficulties arising from the nonanalytic featureture). This implies that the chain structure remains stable
of the Metropolis rat¢18], a Kawasaki hopping ratg,,, is  even in the limit where the parallel temperature goes to in-
used for directiongr=x or y: finity. The order parametés) as a function of perpendicular

temperature can be determined numerically.
Obviously we have two different solutions far,#T,

(1) namely,m,#0, my=0 andm,=0, m,# 0. In this situation a
linear stability analysis is used to determine which solution
remains stable. This method has proved to be very useful

where AH is the energy difference between the final andwhen investigating the effect of a uniform driving field on

initial configurations. This jump rate is anisotropic and sat-these ordered structures in the same lattice gas nja@¢l
isfies detailed balance at temperatilite(T,) in the vertical ~We shall here restrict ourselves to a survey of results ob-

(horizonta) direction. tained for the present two-temperature model leaving out the

The equilibrium model T,=Ty) undergoes a continuous mathematical details described in the previous wdi®. It
phase transition at a critical temperatirg=0.525[8]. In is found that the ordered structure appears when
the ground states the colum(® rows are alternately occu- min(TX,Ty)<T(CMF) and the chains in the stable phases are
pied and empty, leading to fourfold degeneracy. Followingparallel to the direction of the higher temperature. For
the standard notation, the lattice is divided into four interpen-T, , T, <TM" the phases with chains perpendicular to the
etrating sublattices and thex2l or 1X2 long-range super- direction of the higher temperature are unstable against small
antiferromagnetic order is characterized by the correspondserturbations in the vicinity of P and become metastable
ing average sublattice occupation variabegi=1,...,4)  at lower temperatures. This situation is similar to those found
[7]. In the half-filled system, the 21 states consisting of when applying a uniform driving field10]. In the present
vertical chains are given byn;=n,=(1+m,)/2 and case the chain orientation of the ordered phase may be re-
np=ng=(1—m,)/2, where—1<=m,<1 is the order param- yersed by exchanging, andT,. For low temperatures this
eter. Notice thaim, can be either positive or negative. Its orientation process is expected to appear via a nucleation
absolute value as a function of temperature may be estimatgflechanism, as discussed [ih0]. The detailed analysis of
by using the standard mean-figldF) approximation. Simi-  thjs reorientation phenomenon goes beyond the scope of the
lar expressions are obtained for th& 2 states of horizontal present work.
chains, namely, n;=n,=(1+my)/2 and nz=n,=(1
—m,)/2. It is emphasized that the four possible states are
equivalent {m,|=|m,|) in the equilibrium system. Evi-
dently, in the high-temperature disordered phasgs=0. The prediction from the simple mean-field theory can be

In the following simple dynamical mean-field approxima- improved by using a generalized mean-field theory at the
tion we will assume that the long-range order still exits undetevels of two- and four-point approximations. In these calcu-
the present nonequilibrium condition. It implies that the an-lations we have to determine the probability of all of the
isotropic jump rate only results in a difference between thepossible configurations on two- and four-point clusters by
solutions characterized by, andm, . evaluating numerically the stationary solution of a set of

9l A= T AT,

[II. NONEQUILIBRIUM PHASE DIAGRAM
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a fixed perpendicular temperaturd,&0.56) as obtained from
FIG. 1. Phase diagram predicted by four-point dynamical meanMonte Carlo simulation on a square lattice of size

field approximation(solid line). MC data are denoted by squares. L X L=100x 100.
The inset shows the nonmonotonous feature of the critical tempera- ] ]
ture curve. derived from the two components of the sublattice ordering,
my=[(n1+nz)—(n3+ny)]/2 and my=[(ny+n4)— (N
. . . . . . +n3)]/2 [7]. The simulations confirmed the picture obtained
equations which describe the time variation of the conﬂgu-fror% the dynamical mean-field theory, that is, the ordering

ration probabilitieq 18,19. The two-point(pair) approxima- process remains continuous for all of the parallel tempera-

t'|or) fails to reproduce the phase t.ransmo.n even in the.equ't'ures studied. The complete phase diagram, shown in Fig. 1,
librium model (T,=T,). More precisely, this approximation

: : i o ; : suggests that the transition temperature depends very weakl
predicts a first-order transition. Similar discrepancies hav 99 P P y Y

already been observed for other systéfi&]. This shortcom- %n the parallel temperature, in a way similar to that predicted

) £ th + techni be eliminated b i by the four-point approximation. In agreement with the theo-
Ing of the present technique may be eliminated by ConSItelag e approximations the critical temperature tends to a
ing larger clusters.

ichi 0) -
By exploiting symmetries we have only four independentconstant value which is 0.9}3’\" when the parallel tempera

parameters to describe the probability of all the possible pall-ur?}r?;ezzzi ?fﬂtrr:ty;:ritical temperature curve imolving reen-
ticle configurations on a square block. In equilibrium, this P p plying

method suggests a continuous order-disorder transition aﬁ&am phase behavior can also be detected if we incréase

the predicted critical temperature T§*P) =0.61. a ﬂXTd .sunable.”value Ogy.‘ The r2esulrt]s of_aoseges gf h/lc
In the nonequilibrium caser# T,), the prediction of the simulation are illustrated in Fig. 2, whefi=0.56 and the
four-point approximation agrees ﬁélitativel with those Ob_system size 143 L =100x100. In the case of equilibrium
ur-p PP grees g Y T,=T,=0.56) the particle distribution is practically disor-
tained above. However, the critical temperature now depen Y

. ered and the nonvanishing value of the order parameter de-
on both temperatures. A weak but clear peak is found Wheﬂned by Eq.(4) is due to the finite system size. Upon in-
T, andT, are close tar** Namely, the perpendicular criti- , , : ; : '

X Y C ¢ T creasingT, the particles arrange into a horizontally ordered
cal temperatures flrstlcreasev_vhen We Increase the parallel chain phase leading to an increasenofFurther increase of
temperature and after a maximum the transition temperaturg destroys the ordered structure as indicated

) : X .
ggcrefsevs\rlnonott%nously |{|le| (ian be feen In thet mgefrt .tOf The nonmonotonous behavior of the critical temperature
th'g' : ' _t_en € E[)arta % etmperaé ure goest Ot In Inll Ycurve may be explained by the competition of two processes.

(fp) ran_3| ion (4%)|n ends foward -a consiant Vall€ag mentioned above the ordered state with chains perpen-
Te™(0)=0.94T¢™ . Hence, in agreement with the earlier yic\|ar 1o the direction of the higher temperature is unstable.

approximation, the ordered state still exists even at infinite 5y T., the equilibrium system contains small ordered
parallel temperature if the perpendicular temperature is l0Vomains of either chain direction. However, when we im-

enough. , _ o . pose different temperatures, the emerging small domains will
_ In order to investigate the validity of the above predic- hrefer the direction of the higher temperature, their coales-
tions, a series of Monte Carlo simulatiof0] were carried  cence hecomes more probable, and finally we will get larger
out varying the temperature$, and T,. Using periodic  gomains of the preferred direction without changing the per-
boundary condltlons_the S|'mulat|ons were perfolrmed oNn &endicular temperature. This type of symmetry breaking sta-
square system with different sizes ranging fromyyjizing one type of domains on the expense of the other will,
LXL=20X20 to 200<200. We have determined the time op, the one hand, increase the transition temperature. On the
averages of the energy and order parameter varying the p&fther hand, the thermal fluctuations increase with both tem-
pendlcglar tempgraturg at a fixed parallel temperature. As ieratures T, and T,) and tend to destroy the order. The
convenient for simulation we used the order parameter  competition between these two effects will determine the ac-
tual phase behavior of the system. According to this expla-
nation if the formation of chain structure is weakened by
m= /(M) +(my)* (4 decreasing the strength of the next-nearest-neighbor coupling
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FIG. 3. Peak effect on the critical temperature predicted by dy- FIG. 4. Finite-size-scaling plots of MC data for the order param-
namical mean-field approximation at different values of the next-eter. System sizes ar¢= 20x20, 00 30X 30, © 40x40, @
nearest-neighbor couplingJ(,~=1.3, 1, 0.89, 0.82, and 0.76, 50X50, A 60x60. The slopes of the inserted lines are 1/8 and
from top to botton. —7/8.

(3o [21], we would expect a decrease in the transitionWhere_T is the reduced vertical temperature deviation from
temperature. The dynamical mean-field approximation hathe crmg:al tgmperatpre. The resulting e_xcellent data collapse
confirmed this prediction, i.e., by decreasihg, the peak of shoyvn in F|g: 4 verifies the above conjecture. The slope of
the critical temperature curve becomes smaller and vanishd8€ inserted lines are 1/8 and7/8. It should be pointed out
below a certain value of,,,, as shown in Fig. 3. In this tha_lt the s_mall difference of thﬁ_ values betV\_/een the Is_lng_
figure we used reduced temperatures in order to facilitate thgniversality class and the equilibrium behavior makes it dif-
data comparison. Evidently, the effect will be opposite if weflcult to discern the two types of behavior. It is clear, how-

increasel,,,. The MC simulations show a good qualitative €€l that the data collapsg is strikingly better.w_hen Ising
aggreement with this theoretical prediction. exponents are used. Considerably better statistics are re-

quired to settle this matter definitely.

V. CRITICAL BEHAVIOR V. SUMMARY AND CONCLUSION

In the literature there are some examples where the criti-
cal behavior remains unchangé®?] and there are others
where the universality class changes significantly under th
nonequilibrium condition$3]. We shall now study the effect
of the present nonequilibrium conditions on the critical be-
havior of the model.

The critical behavior of the present equilibrium model has
been suggested to belong to the universality class of th
x-y model with cubic anisotropj12], whose exponents are
believed to be nonuniversf23]. This expectation has been
verified by finite-size-scaling analysis of the Monte Carlo
data leading to the non-Ising exponenp=0.1 and
v=0.85 [24] for J,,=Jnm- In the equilibrium case,
Tx=T,, our simulations support this result.

When the two temperatures are different a qualitativ
change in the critical behavior is expected because of th
reduction of the ground-state degeneracy. Instead of the fo
possible equilibrium ground states stable foy=T,, we
have only two stable ground states fog# T, . This fact

In summary, we have studied the nonequilibrium ordering
process in a two-dimensional lattice gas coupled to two ther-
mal baths at different temperatures. In the equilibrium sys-
tem the particles form parallel chains oriented either horizon-
tally or vertically. Using a simple mean-field theory
including linear stability analysis we have found that the
rdered structure appears in the nonequilibrium case if the
ower temperature is less than a certain critical value and the
chains are oriented along the higher temperature. This pic-
ture has been confirmed by a dynamical four-point approxi-
mation and MC simulations. In contrast to the prediction of
the simple mean-field theory, more accurate methods have
indicated that the transition temperatyes well as the tem-
eperature dependence of order parameadepends on the par-
allel temperature. The nonmonotonous feature of the critical
emperature curve may be explained as a result of two com-
etitive processes. It is emphasized that the ordered chain
structure remains stable for sufficiently low perpendicular
Lo ; " . temperatures even when the parallel temperature tends to in-
|mpl'|gs.the conjectyre that'the cr|t|ca.l behaviar of the nor]'finit)l?. In this limit the isotropﬁ: finite—size?scaling analysis
equilibrium model is described by Ising exponefis:1/8 suggests that the critical behavior differs from the equilib-

and v=1. To clarify this question we have performed a " hehavior and it belongs to the Ising universality class.
finite-size-scaling analysis of the Monte Carlo data in the

case of infinite horizontal temperatur&,&=«). In the MC
simulations the system size is varied franx L =20X 20 to ACKNOWLEDGMENTS
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