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Transport-driven reorientation in a square lattice-gas model
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We study the e8'ect of an electric field on the rearrangement in a half-filled square lattice gas
with repulsive first- and second-neighbor interactions. Below T, the particles form parallel chains
resulting in anisotropic conduction. Monte Carlo simulations show that these chains prefer the
orientation parallel to the applied field. The reorientation time strongly depends on the tempera-
ture and the magnitude of electric field. A simple mean-field approximation suggests that the
steady-state distribution is modified by the field component perpendicular to the chains.

In the last decades extensive progress has been made in
our understanding of diffusion and conduction in concen-
trated lattice-gas models. Recently several lattice-gas
models have been investigated which exhibit anisotropic
diffusion and conduction. ' The common feature of
these models is the existence of a symmetry-breaking par-
ticle distribution pointing out a preferred direction for the
particle motion. These symmetry-breaking, ordered parti-
cle distributions are degenerated, therefore, the preferred
direction depends on which state is actually realized. This
situation raises a question, whether an applied electric
field generating a transport is able to prefer one of the de-
generated states and which one.

To demonstrate the effect of the electric field on the
particle redistribution a series of Monte Carlo simulations
has been carried out in a two-dimensional (2D) lattice gas
discussed in detail by Sadiq and Binder. ' The choice of
this model was motivated by the fact that this is the sim-
plest model which exhibit anisotropic diffusion induced by
the order. The model is described by a configuration
in) (n~, . . . , ntv), with n; either 0 or 1, defined on an
LxL N square lattice with periodic boundary condi-
tions. Assuming repulsive interactions of equal strength
between the first and second neighbors, the energy is given

by the Hamiltonian

H-gnn, ,
nn, nnn

where the summation runs over the nearest-neighbor and
next-nearest-neighbor pairs. Our study is restricted to a
fixed number of particles corresponding to a half-filled lat-
tice.

The system undergoes an Ising-like phase transition at
a critica1 temperature T, =0.55. In the fourfold degen-
erated ground state the rows (or columns) are alternately
occupied or empty. Figure 1 shows a typical particle dis-
tribution below T, (T 0.51) where the particles form
vertical chains. In this case the diffusion and conduction
is higher along the chains comparing to the perpendicular
direction. The long-range order may be characterized by
dividing the lattice into four sublattices as indicated in
Fig. 1 and introducing p; (i 1,2, 3,4), the average sub-
lattice occupations. For example, in the state represented
in Fig. 1, p~ p4=0e9 and p2 @3=0.1.

The stochastic dynamics of the system consists of jumps
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FIG. 1. A typical particle distribution on the square lattice
with p 2 for T 0.51 and e 0. Figures on the upper right-
hand corner indicate the sublattices indices in a (2 x 2) cell.

to one of the unoccupied neighboring sites. In the pres-
ence of an electric field e the jump rate I (j~ k) from
site j to k is given as

I (j k) n, (1——nk)
1 1

(2)
I+exp[P(Et, —erk, ~))

'

where Ek J is the energy difference between the final and
initial states, and rk ~ is the displacement. Here i is an
undetermined time constant which we put equal to unity
when measuring times in Monte Carlo steps per particles.
In the absence of electric field (e 0) this choice of jump
rate is equivalent to the Kawasaki dynamics satisfying
the condition of detailed balance, i.e., the stationary state
of the system is the Gibbs equilibrium state at the reser-
voir temperature T I/P. In this Rapid Communication
our analysis is concentrated to the effect of electric field
parallel to one of the crystallographic axis.

Monte Carlo simulations have been carried out on a
60& 60 square lattice with 1800 particles at different elec-
tric fields. Our analysis is restricted to a temperature re-
gion (0.48 (T (T, ) in which the diffusion was aniso-
tropic and high enough to reach equilibrium within the
run time. For details of Monte Carlo (MC) simulations
see the review by Binder and Stauffer. Each run was
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started from an ordered ground state in which the parti-
cles formed vertical chains (p1 p4=1 and p2 p3 0).
After a thermalization of a thousand of MC steps per par-
ticles at a temperature T & T„ the long-range order
characteristic to the initial state may be recognized as
shown in Fig. 1. We have studied the time evolution of
the system when switching on a horizontal [e (e&,0)] or
vertical [e (O, e11)] electric field.

It is found that the electric field component perpendicu-
lar to the chains force the chains to be parallel to the field
direction while the parallel field does not cause any ob-
servable change if e~[ & 0.2. This reorientation process can
be monitored by introducing a direction p arctan(bt, /b„)
where bq and b„denote the number of horizontal and vert-
ical bonds. Figure 2 represents a typical time evolution of
p for T 0.51 and e& 0.15. The real time monitoring of
the particle distribution illustrates that the reorientation is
analogous to the recrystallization including the nucleation
and the growth of the preferred domain(s). A similar pro-
cess was investigated by Binder and Muller-Krumbhaar
in a spin system by a sudden reversal of the external mag-
netic field below T, . In this ferromagnetic system the
magnetic field drives the reversal of the magnetization via
a nucleation process followed by the growth of the pre-
ferred domains. In the present lattice-gas model, howev-
er, the driving force of the reorientation is not evident be-
cause our understanding of the statistical physics in open
systems is far from being satisfactory.

Introducing the concept of reorientation time t„as indi-
cated in Fig. 2 a series of MC simulation was carried out
varying e& at fixed temperature T 0.51. The logarithm
of the average values of t„vs e& are plotted in Fig. 3
where error bars demonstrate the standard deviation of
data determined from ten runs. With increasing electric
field a drastic decrease in the reorientation time and in the
standard deviation has been found.

Increasing the temperature the reorientation process
becomes faster at a fixed value of electric field. This effect
may be explained by the higher diffusion and by the in-

creasing role of fluctuations. Namely, the appearance of
the preferred domains having sufficiently large size is
more probable at higher temperatures. The separation of
these two effects in the reorientation process requires a
more systematic investigation.

The reorientation process shown in Fig. 2 is extremely
fast in the macroscopic time scale. Because of the techni-
cal requirements of MC simulation the selected values of
e have to be also extremely large. The existence and the
dynamics of the reorientation process may strongly modi-
fy the interpretation of the anisotropic conductivity mea-
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FIG. 2. Time evolution of the direction p in a typical run for
T 0.51, L 60. In the initial state the particles were arranged
in vertical chains separated from each other by empty columns,
the horizontal electric field (E~ 0.15) was switched on at
MCS 0. The reorientation time t, is given in MCS unit at the
halfway between the initial and final values of p.

surements because the large applied field can change the
direction of chains. Unfortunately, from the present re-
sults we cannot predict the dynamical behavior in the lim-
it e 0 we are interested in from the experimental point
of view.

The present results are compatible with those of Katz,
Lebowitz, and Spohn. Using MC simulations of a 2D lat-
tice gas with nearest-neighbor interactions they found an
anisotropic long-range order generated by the electric
field. In the low-field limit it was shown that in a lattice
with repulsive interaction the phase boundary becomes
parallel to the electric field. Extensive research " has
been done on this nonequilibrium phenomenon. For ex-
ample, in an electric field T, is decreasing for repulsive in-
teraction and increasing for attractive one. The above in-
vestigations are restricted to Ising models with nearest-
neighbor interactions where the equilibrium states (or
phases) are isotropic. In the present inherently anisotrop-
ic model, however, the effect of the parallel and perpen-
dicular electric fields may well be distinguished, as
demonstrated by the following simple mean-field approxi-
mation.

Using a master equation defined by the Kawasaki dy-
namics (2) we can determine the time derivative of the
average sublattice occupations in mean-field approxima-
tion. For example, the time dependence of p& is given by
the equation

- —pi[(I —p2) [f(E21 —e1)+f(E21+el)]+ (I p4) [f(E41 —e2)+f(—E41+e2)l]dp&

dt

+ (1 —p1) [p2 [f(E12—e1) +f(E12+e1)] +p4[f (E14—e2) +f(E14+e2)]], (3)

where f(z) = 1/[1+exp(Pz )] and E;J is the energy
difference between the sublattice i and j in mean-field ap-
proximation. In this expression we cannot use the concept
of parallel and perpendicular direction, therefore, e] and
e2 indicate here the horizontal and vertical components of
the electric field until we clarify the chain direction. Simi-

lar equations may be derived by cyclic permutation of in-
dices for the other three sublattices. The stationary
(d/dt 0) solution of Eq. (3) is not unique, there exists a
set of solutions corresponding to the degeneracy of or-
dered states. One of them describes the effect of electric
field when the particles form vertical chains below T,. In
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FIG. 3. Reorientation time t, as a function of perpendicular
electric field e~ for T 0.51 and L 60. Average values and
standard deviations were determined from ten runs.

FIG. 4. Temperature dependence of sublattice occupations
for e~ 0 (solid line) and e~ 0.5 (dashed line) in mean-field
approximation.

this case we can assume that p i p4 0.5+x and
p2 p 3 0.5 —x. This assumption yields a particular
solution,

1+2x
1 —2x

exp(P8x) [cosh(Pe&) + exp(P8x) l

1+exp(P8x)cosh(Pe ~)
(4)

which depends on e i e&, the perpendicular component of
the electric field while the effect of e2 ei is eliminated.
As expected, Eq. (4) reproduces the solution of the equi-
librium mean-field approximation at e & 0. Figure 4
shows the temperature dependence of the average sublat-
tice occupations for e& 0 and e& 0.5. It is worth men-
tioning that in this approximation the critical temperature
(T, I for e ~ 0) is overestimated comparing to the ex-
act result. Figure 4 makes it clear that T, decreases with
increasing e~ and the change is proportional to e~. At
fixed temperature e~ modifies the particle distribution.
What is more, at sufFiciently large magnitude, it can des-
troy the ordered state in agreement with the earlier re-
sults. ' " A more detailed discussion of this mean-field
approximation including a comparison with MC simula-
tions will be published later.

The mean-field approximation may suggest some hints
for the explanation of the reorientation process. The per-
pendicular component of the electric field will induce a
redistribution of the particles and an increase in con-
figurational entropy and energy. This redistribution will
eliminate the degeneracy of the states and makes a dis-
tinction between the stable parallel chain domains and the
nonstable or metastable perpendicular chain domains.
Unfortunately, we cannot determine the difference of a
"nonequilibrium free energy" between the parallel and
perpendicular phases because of the lack of a consistent
theory.

Finally, it is worth mentioning a possibility for the ex-

perimental realization of the reorientation process found
in two dimensions. Our results obtained in a square lat-
tice may involve similar processes in three-dimensional
systems because the reorientation process is closely related
to the existence of anisotropic diffusion generated by the
symmetry-breaking equilibrium arrangement of particles.
Recently we have some indications that there exists an an-
isotropic superionic phase of AgI. It is to be emphasized
that the properties of AgI are not understood completely,
there are some contradictions between experiments, simu-
lations, and theories. Measuring the specific heat of AgI
Perrott and Fletcher' discovered two subsequent phase
transitions contrary to earlier results. ' ' The existence
of the second phase transition was justified by Mazzacura-
ti et al. ' and by Aronsson et al. ' with measurement of
Raman and Brillouin scattering, respectively. Within the
framework of a six sublattice mean-field approximation
one of us has proved the possibility of two subsequent
phase transitions related to the existence of a partially or-
dered state' exhibiting anisotropic diffusion. In molecu-
lar dynamic simulations, ' ' however, the second phase
was not observed except by Talion. The contradictions
between different experiments arise from the sample
preparations. At the same time the theoretical descrip-
tions (or simulations) are very sensitive to the pair in-
teractions taken into account. If the diffusion in the su-
perionic phase of AgI below 700 K is really anisotropic as
a consequence of the long-range order proposed by the
mean-field theory then it may be considered a specimen
for such experiments. Besides, this effect might be uti-
lized to have more knowledge on the superionic phases of
AgI. The present work, in fact, was inspired by this hope.

We are grateful to Z. Racz for stimulating discussions
and to Gy. Kadar for his critical reading of the manu-
script.
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