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Phase Transitions in Driven Bilayer Systems: A Monte Carlo Study
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We investigate the phase diagram of a system with two layers of an Ising lattice gas at half filling. In
addition to the usual intralayer nearest neighbor attractive interaction, there is an interlayer pétential
Under equilibrium conditions, the phase diagram is symmetric whder —J, though the ground states
are different. The effects of imposing a uniform external drive, studied by simulation techniques, are
dramatic. The mechanisms responsible for such behavior are discussed. [S0031-9007(96)00614-X]

PACS numbers: 64.60.Cn, 05.70.Fh, 82.20.Mj

Over a decade ago, motivated by the physics of fast ionicefer to this state as the strip phase (S). 7A& lowered
conductors, Katzt al. [1] introduced a simple modifica- further, a first order transition occurs. The ordered state
tion to the well known Ising lattice gas [2], so thainequi- now resembles the equilibrium case, displaying homoge-
librium steady states may be studied. The dynamics of thineous, opposite magnetization on the two planes. In the
model consists of particle hopping, or Kawasaki exchangéattice gas picture, the planes are mainly full or empty, so
[3], controlled by the usual Ising Hamiltonian and a ther-that this state will be labeled by FE. Why there should be
mal bath at temperatuf® as well as a bias in one direction two transitions was not well understood. This impasse,
so as to describe the effect of a uniform, dc “electric” fieldas well as the generic microscopics of intercalated com-
E, acting on the “charged” particles. In the ensuing yearspounds, motivates our study of a bilayer driven system
many unexpected properties have been discovered in theith interlayer interactions. The remainder of this Let-
prototype model and numerous of its variants, and, by nowter is devoted to a brief description of our model and the
some are well understood [4]. On the other hand, a fevgimulation results. A consistent, intuitive picture emerges.
of the surprising results observed in Ref. [1] remain unexWe conclude with suggesting possible analytic approaches
plained. An example is the basic question: Why shouldand other tests of this picture.
the critical temperaturd.(E), increase withe, saturating Our system consists of two fully periodic X L square
at about 40% above the Onsager temperaturé as «  lattices, arranged in a bilayer structure. The sites are
[5]? Indeed, one might have predictedoaveringof 7., labeled by (i, j», j3), with ji,jo = 1,...,L and j; =
since large fields should overwhelm the nearest neighbal,2. Each may be empty or occupied by a particle, so
coupling whenever hops along the field are attempted, sthat a configuration of the system is specified by the
that the system is effectively subjected to an extra noiseset of occupation numbers:( ji, j2, j3)}, wheren = 0
Given simulation data and a better understanding of othesr 1. Alternatively, we may use the spin language=
phenomena displayed by this system, simple arguments @ — 1 = =1. For simplicity, we study only half-filled
favor of anincreasedl’, emerged. However, to date, there systems, i.e.>. n = L? or > s = 0. Next, we endow
is still no intuitive picture which guides us to the correctthe spins with nearest neighbor interactions, so that the
behavior. One motivation of our study is to explore sim-Hamiltonian is given byH = —JyY nn' — J Y nn”,
ilar systems, in order to test which type of argument iswhere n and n’ are nearest neighborwithin a given
successful in “predicting” the qualitative behavior of thelayer, while n and »’ differ only by the layer index.
novel phase diagram. Thus, the first sum represents the usual two-dimensional

At an entirely different level, this work is motivated Ising model with coupling/y, and the second sum takes
by interesting properties in driven multilayered structuresjnto account the interactions across the layers. Our study
observed in both physical systems [6] and Monte Carlas restricted to positive/y, with several values of /Jy
simulations [7,8]. In the former, the process of intercala-in the range[—10,10]. The choice of negativd’s is
tion, where foreign atoms or molecules diffuse into a lay-motivated by the physics of intercalated materials [6,8].
ered host material, is well suited for modeling by driven,To simulate equilibrium systems coupled to a thermal
layered lattice gases [8]. On the simulation front, the efbath at temperatur®, we use spin-exchange (Kawasaki)
fects of particle transfer betwedémwo decoupledsing sys- [3] dynamics with the usual Metropolis rate [9]. So,
tems, subject to a global conservation law, turn out to beparticles are allowed to hop to nearest neighbor holes
quite intriguing:two transitions were found [7]. A% is  with probability mir{l,exp—AH /kgT)}, where AH
lowered, the disordered (D) phase transforms into a statis the change in energy due to the hop. Since this
with strips in both layers, reminiscent of two entirely un- dynamics becomes very slow for largé|, we exploit
related, yet aligned, single-layer driven systems. We willspin flip (Glauber) dynamics to explore the transitions in
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these regions, rather than a more complex algorithm [10Jot necessary for us to reach some conclusions about the
Finally, to drive this system into nonequilibrium steady nature of the phase transitions in our systems. In this
states, we incorporate the “electric” field (aligned with spirit, we discuss our findings and their implications.

the 1 axis) in the standard way, i.e., by adding to In the equilibrium case, a gauge transformation relates
AZH for hops against or along the field [1,4]. The goalthe J > 0 system to the/ < 0 one. Thus, the phase

of this study is to map out the phase diagram inThé-  diagram in thel'-J plane is symmetric (Fig. 1). Note that,

E space. In the following, the main results are reportedin the limit of J — o, the bilayer structure is irrelevant
while details will be published elsewhere [11]. Heffe, and the system reduces to a single= 2 Ising model

is given in units of the single layer Onsager temperaturewith coupling 2J,. Our simulations certainly confirm
0.5673Jy/kg; bothJ andE are given in units off. that T.(J = *10) is 27T.(0), within the errors. Given

The systematic part of our runs involves lattices withthe conservation law, the two ground states are different,
L = 12 and30 and 100 X 10° Monte Carlo steps (MCS) however. ForJ > 0 (J < 0), the system orders into an
per site. Typically, these runs are set at fixéde, S (FE) state, to minimize interface free energy. Thus,
and T, starting with two types of initial conditions, there is actually a line of first order transitions on the
ordered and random. Discarding the firétx 10° MCS, J = 0 axis, betweenT = 0 and 7.(0). In this sense,
measurements are then taken every 200 MCS. To explotle junction of the three lines is a bicritical point. Since
first order transitions, we look for hysteresis by sweepingl < « systems are unavoidable in a Monte Carlo study,
in both T and J, whereT (J) is raised or lowered in we must be aware of finite size effects and expect, e.g., the
steps of 0.05 (0.02) after00 X 10° MCS. Apart from first order transitions to occur at smad),(1/L), positive
these systematic studies, we have performed very long values.
runs (up to5 X 10° MCS) at a few points in parameter ~ When the drive is turned on, the most prominent new
space, mainly to explore metastability. We have alsdeatures are (i) thoweringof the critical temperature for
investigated a few systems with various sizes upO® X large|J| and (ii) the shift of the bicritical point thiigher
100, in order to be more confident about the existencevalues ofT and negative/. The loss of symmetry in the
of certain steady states in the thermodynamic limit.phase diagram (Fig. 2) is not surprising, since the drive
As order parameters, we have chosen the appropriatgolates Ising symmetry. On the other hand, given that
structure factors [1,4]. In the S and FE phases, they aré.(E) is greater tharf.(0) in the single-layer case, it is
$(0,1,0) andS(0, 0, 1), respectively, wherd(ly, I, [3) = quite unexpected th&t.(|J| > 1,E > 1) is smallerthan
(I7i(1y, 12, I3)|*) and its equilibrium counterpart.

Perhaps most unexpected is the presence of a finite,
triangular region (inset, Fig. 2) in the phase diagram, in
which an S phase is stable even fmygative albeit small,

Of course, in practice, thé)'s are time averages, taken J. Since similar spins lie on top of each other here, such
over the run. Occasionally, when simple averaging proa phase could not exist if either energy or entropy were
duces highly irregular results, typically near first orderto play dominant roles in determining the steady state. It
transitions, we resort to time traces pf|2. These re-
veal the system being “caught” for an extended period of
time (say,30 X 10° MCS) in a metastable state, before
settling into the stable, steady state for the rest of the run. T
In these instances, we reperform the average using only
the last part of the data. In all cases, the resultant values °
fall within the expected statistical variations. ° 0

To identify the second order transitions, we consider o | o
the fluctuations ofl'ﬁ.l2 as a function of7, with fixed Full/Empty
J and E. The critical temperature is then associated %
with the peak of this function. We estimate that this
method is accurate to about 5%, the error coming from
both finite size effects and statistics. On the other hand,
for first order transitionsT.(J, E) or J.(T, E) is identified [ :
with the midpoint between the values where the order -10 5 0 5 10
parameter jumps in a hysteresis loop. We simply use J
these jump values to assign the error, which is presumab‘ll%/

} 1 o ——— A
ii(ly, b, 13) = 212 Z n(j1, jo, ja)e2m il tb)/L+ 10 2]

o
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; ; G. 1. Phase diagram for an equilibrium bilayer lattice gas at
overestimated. More accurate estimates of the pha éalf filing. The disordered (D), sirip (S), and full-empty (FE)

boundaries are clearly pOSS'bI_e’ _using Ionggr runs o'Bhases are labeled. The D-S and D-FE transitions, denoted by
Iarg('ar' SySFemS and more 50ph'3t'(}ated te_ChnlqueS. such are second order; while the S-FE transitions, showr@by
as finite size scaling. However, high precision data arere first order. The three lines join at a bicritical point.
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parts of the transverse correlation function compete with

241T one another, shedding some light on the origin of the
Disorder contradictory expectations concerning thedependence
e ° R of T.(E). To predict which is the dominant effect will
16 4, Strip be difficult, of course. In the prototype moddl.(F)

is observed to increase with in both d = 2 and 3,
0 indicating that the long-range effects “win.” However,
the two cases differ in a subtle way. th= 3, there is
an additional competition among the negative long-range
correlations, since there ango transverse directions here.
Long-range order (i.e., positive correlations) must develop
| ; o - . in oneof these directions ag, is approached. Thus, we
10 5 0 5 10 might expect a less significant rise #.(E) in d = 3.

J Intriguingly, this is indeed the casd.(E) saturates at

FIG. 2. Phase diagram for a bilayer lattice gas at half filling,®Nly 7% higher than the equilibriufi. (0) [14]. _
driven with E = 25J,. The symbols and the scale used are the Turning to the bilayer case, we need to take into ac-
same as in Fig. 1. Inset: Magnified view of the region near thecount the effect of cross-layer correlations 6p(J, E).

bicritical point showing the presence of the S phasd it 0 Focusing or/ = 0, where there are no additional short-
half plane. range effects, we are led t6.(0, E)/T.(0,0) > 1. In-
deed, this ratio is comparable to that in the single-layer
case. As for the lower transition, which is first order in
is thus natural to ask whether its presence might simplyature, we refrain from using these arguments, since the
be a finite size effect. To provide a partial answer, werole played by long-range correlations in a first order tran-
carried out simulations using = 12, 16,24, 30, and100,  sition is unclear. Instead, we will return to examine this
with J = —0.1, E =25, and T € [1.00,1.20]. In all transition in the context of a larger perspective.
cases, the S phase prevailed. Deferring details to a later Next, we consider the effect of having a positive
publication [11], we conjecture that this region exists every.  Without the drive,T.(J,0) is, of course, enhanced
in the thermodynamic limit. over T.(0,0). With E # 0, T.(J,E)/T.(J,0) is again
In order to develop a simple intuitive picture for thesedetermined by the competition of the short- and long-
phenomena, let us review the arguments which attempt teange properties of the transverse correlations. Evidently,
“predict” the field dependence @f, in the driven single- for small J, the long-range part still dominates, so that
layer case. To provide a wider context, we begin withthis ratio is greater than unity. At the other extreme, if
highlighting the differences between the driven systeny > J, the presence dof effectively lowers/, according
and an equilibrium Ising model, exhibited ifi(x), the to our argument tha acts as an extra noise which
two-point correlations. Even in the disordered phasebreaks even very strong nearest neighbor bonds. A lower
both the small and largéx| behaviors are affected by effective J naturally leads to a lowef.. Thus, we
the drive. First, thenearest neighbocorrelations of the would “predict” that 7.(J,E)/T.(J,0) could decrease
driven system are somewhat suppressed [12], consistectnsiderably as/ increases. In fact, the simulations
with the picture that the drive acts as an extra noiseshow that this ratio dropselow unityfor / = 5. The
in breaking bonds, so that the effective strength of thenterplay of the competing effects is so subtle that either
nearest neighbor coupling is reduced. This observationan dominate, in different regions of the phase diagram.
alone would lead to alecreasing7.(E). However, Next, for largeJ < 0, we expect strong negative cor-
these properties stand in stark contrast to the ldkge relations across the layers, so that the system orders into
behavior, wheres falls off as1/[x|¢, with an amplitude the FE phase in equilibrium. That the low temperature
that depends on the anglebetweent and the direction phase of the driven system is also FE indicates an ordering
of the drive [13]. Specifically, the amplitude changesprocess dominated hy. However, under the drivdgoth
sign asf increases fron®) to 77 /2, such that correlations the short- and long-range parts of the correlations tend
parallel (transverse) tB are positive (negative). In either to suppress the FE phase: the former effectively lowering
case, themagnitudeof G is greatly enhanced over its |J|, the latter favoring an S phase. Thus, the critical tem-
exponentially decaying counterpart in equilibrium. Theperature should be lower than its equilibrium counterpart.
enhanced negative correlations at large transvérage  Further, in contrast to thé > 0 case, the two effects co-
expected to help “push” the particles together into aoperate rather than compete, so that.the€ 0 branch of
strip aligned with the drive. The positive longitudinal 7.(/, E) is significantly lower than thé > 0 branch (see
correlations should also promote this ordering processrig. 2). We should add that a reasonable expectation for
so that one would expecf.(E) to be greater than two driven layers withy < 0 would be a phase with strips
T.(0). Clearly, the effects of the short- and long-rangein each layer, bustaggered. The absence of such a state

Full/Empty
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may be due to energetics. The transverse long-range aniMF () /TMF(0) is found to be2. The actualT.(J) is
correlations presumably also act across layers, so that timodified by fluctuations, of course. With this starting
price of interfaces is not compensated for by the systerpoint, we hope to find thedditional effect due to the
having staggered strips instead of being in an FE state. drive, at least qualitatively, as another way to confirm the

Finally, the presence of the S phase, in the triangulaintuitive picture presented above. Since these approaches
regionJ = 0 (inset, Fig. 2), can also be understood quali-are best suited for the study of universal properties,
tatively. Since long-range negative correlations transverseur goal is to compute various quantities at, e.g., the
to E supposedly dominate the ordering process/fee 0,  bicritical point, and to make quantitative comparisons
it is not too surprising that this mechanism continues towith extensive finite size scaling Monte Carlo studies.
be effective for a small region of negative As a con- This research is supported in part by grants from the
sequence, the bicritical point together with its trailing firstNational Science Foundation through the Division of
order line are “driven” to thd < 0 half plane. Evidently, Materials Research. One of us (C. H.) gratefully acknowl-
however, the relative importance fandJ is easily re- edges the NSF for Research Experience for Undergradu-
versed, so that the system orders into the FE pattern if ates Awards.
is sufficiently negative. Similarly, for low temperatures at
J = 0, energetics appear to outweigh the nonequilibrium-
induced effects so that the FE phase prevails here also.
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