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Nonequilibrium phase transition in the kinetic Ising model: Dynamical symmetry breaking
by randomly varying magnetic field
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Institute for Theoretical Physics, University of Cologne, 50923 Cologne, Germany

~Received 20 August 1997; revised manuscript received 22 January 1998!

The nonequilibrium dynamic phase transition, in the two-dimensional kinetic Ising model in the presence of
a randomly varying~in time but uniform in space! magnetic field, has been studied both by Monte Carlo
simulation and by solving the mean-field dynamic equation of motion for the average magnetization. In both
the cases, the time-averaged magnetization vanishes from a nonzero value depending upon the values of the
width of randomly varying field and the temperature. The phase boundary lines are drawn in the plane formed
by the width of the random field and the temperature.@S1063-651X~98!03207-3#
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I. INTRODUCTION

The problem of the random field Ising model having
quenchedrandom field has been investigated both theor
cally @1–4# and experimentally@5# in the past few years be
cause it helps to simulate many interesting but complica
problems. The effects of a randomlyquenchedmagnetic field
on the critical behavior near the ferromagnetic phase tra
tion is the special focus of the modern research. The re
developments in this field can be found in a review arti
@6#. However, the dynamical aspects of the Ising system
the presence of a randomly varying field has not yet b
studied thoroughly. It would be interesting to know if there
any dynamical phase transition in the presence of a rando
varying magnetic field.

For completeness and continuity, it would be conveni
to review briefly the previous studies on the dynamic tran
tion in the kinetic Ising model. Tome and Oliviera@7# ob-
served and studied the dynamic transition in the kinetic Is
model in the presence of a sinusoidally oscillating magn
field. They solved the mean-field~MF! dynamic equation of
motion ~for the average magnetization! of the kinetic Ising
model in the presence of a sinusoidally oscillating magn
field. By defining the order parameter as the time-avera
magnetization over a full cycle of the oscillating magne
field they showed that the order parameter vanishes dep
ing upon the value of the temperature and the amplitude
the oscillating field. Precisely, in the field amplitude a
temperature plane they have drawn a phase boundary s
rating dynamic ordered~nonzero value of the order param
eter! and disordered~order parameter vanishes! phases. They
@7# have also observed and located atricritical point @sepa-
rating the nature~discontinuous or continuous! of the transi-
tion# on the phase boundary line. However, such a transit
observed@7# from the solution of the mean-field dynamic
equation, is not dynamic in a true sense. This is because
the field amplitude less than the coercive field~at a tempera-
ture less than the transition temperature without any fie!,
the response magnetization varies periodically but as
metrically even in the zero-frequency limit; the system
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mains locked to one well of the free energy and cannot go
the other one, in the absence of noise or fluctuation.

Lo and Pelcovits@8# attempted to study the dynamic na
ture of this phase transition~incorporating the effect of fluc-
tuation! in the kinetic Ising model by a Monte Carlo~MC!
simulation. In this case, the transition disappears in the z
frequency limit; due to the presence of fluctuations, the m
netization flips to the direction of the magnetic field and t
dynamic order parameter~time-averaged magnetization!
vanishes. However, they@8# have not reported any precis
phase boundary. Acharyya and Chakrabarti@9# studied the
nonequilibrium dynamic phase transition in the kinetic Isi
model in presence of oscillating magnetic field by extens
MC simulation. They@9# have successfully drawn the pha
boundary for the dynamic transition and observed or loca
a tricritical point on it. It was also noticed by them@9# that
this dynamic phase transition is associated with the break
of the symmetry of the dynamic hysteresis (m-h) loop. In
the dynamically disordered~the value of the order paramete
vanishes! phase the corresponding hysteresis loop is sy
metric and loses its symmetry in the ordered phase~giving a
nonzero value of the dynamic order parameter!. They @9#
have also studied the temperature variation of the ac sus
tibility components near the dynamic transition point. Th
observed that the imaginary~real! part of the ac susceptibil
ity gives a peak~dip! near the dynamic transition poin
~where the dynamic order parameter vanishes!. They @9#
have the following conclusions:~i! This is a distinct signal of
a phase transition and~ii ! this is an indication of the thermo
dynamic nature of the phase transition.

Recently, the relaxation behavior of the dynamic ord
parameter near the transition point has been studied@10# both
by MC simulation and by solving the mean-field dynam
equation. It has been observed that the relaxation is De
type and the relaxation time diverges near the transit
point, showing acritical slowing down. The ‘‘specific heat’’
and the ‘‘susceptibility’’ also diverge@11# near the transition
point in a manner similar to that of fluctuations of the d
namic order parameter and energy, respectively.

The statistical distribution of the dynamic order para
eter, near the dynamic transition point, has been studied
Sideset al. @12#. They observed that the distribution widen
~to a double hump from a single hump type! as one crosses
the dynamic transition phase boundary. Since the fluctua
174 © 1998 The American Physical Society
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increases as the width of a distribution increases, this ob
vation is consistent with the independent observation@11# of
critical fluctuations of a dynamic order parameter. They@12#
have also observed that the fluctuation of the hysteresis
area becomes considerably large near the dynamic trans
point.

In this paper the dynamic phase transition has been s
ied in the two-dimensional kinetic Ising model in the pre
ence of a randomly varying~in time but uniform in space!
magnetic field, both by MC simulation and by solving th
mean-field dynamical equation. This paper is organized
follows. In Sec. II the model and the MC simulation schem
with the results are given. In Sec. III the mean-field dynam
cal equation and its solution with the numerical results
given. The paper ends with a summary of the work in S
IV.

II. MONTE CARLO STUDY

A. Model and simulation scheme

The Hamiltonian of an Ising model~with ferromagnetic
nearest neighbor interaction! in the presence of a time
varying magnetic field can be written as

FIG. 1. Monte Carlo results of the timet variations of randomly
varying field h(t) and the response magnetizationm(t) for T
51.7 and~a! h051.0 and~b! h053.0. The symmetry~about the
zero line! breaking is clear from the figure.
r-
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H52(̂
i j &

Ji j si
zsj

z2h~ t !(
i

si
z . ~2.1!

Heresi
z (561) is Ising spin variable,Ji j is the interaction

strength, andh(t) is the randomly varying~in time but uni-
form in space! magnetic field. The time variation ofh(t) can
be expressed as

h~ t !5H h0r ~ t ! for t0,t,t01t

0 otherwise,
~2.2!

where r (t) is a random variable distributed uniformly be
tween21/2 and11/2. The fieldh(t) varies randomly from
2h0/2 to h0/2 and

1

tEt0

t01t

h~ t !dt50. ~2.3!

The system is in contact with an isothermal heat bath
temperatureT. For simplicity the values of allJi j are taken
to be equal to unity. The periodic boundary condition is us
here.

A square lattice of linear sizeL(5100) has been consid
ered. Initially all spins are taken to be directed upward a
h(t)50. At any finite temperatureT, the dynamics of this
system has been studied here by Monte Carlo simula
using Metropolis single spin-flip dynamics. The transitio
rate (si

z→2si
z) is specified as

W~si
z→2si

z!5min@1,exp~2DH/kBT!#, ~2.4!

whereDH is the change in energy due to the spin flip andkB
is the Boltzmann constant, which has been taken to be u
here for simplicity. Each lattice site is updated here sequ
tially and one such full scan over the lattice is defined as
time unit @Monte Carlo step per spin~MCSS!# here. The
magnitude of the fieldh(t) changes after every MCSS obe
ing Eq. ~2.2!. The instantaneous magnetization~per site!
m(t)5(1/L2)( isi

z has been calculated. After bringing th
system to a steady state@m(t) becomes stablized with som
fluctuations#, the switch of the randomly varying magnet
field h(t) has been turned on~at time t0 MCSS! and the
instanteneous magnetization has been calculated.t0 has been
taken to be equal to 23106 and even more (3.153106) near
the static ferro-para transition temperature (;2.269 . . . ). By
inspecting the data and the time variation, it is observed
m(t) becomes stabilized for this choice of the value oft0.
The time-averaged~over the active period of the magnet
field! magnetizationQ5(1/t)* t0

t01tm(t)dt has been calcu-

lated over a sufficiently large timet(1.753106). By chang-
ing the values oft the stabilization ofQ has been checked
quite carefully. It is observed thatQ does not change muc
~apart from the small fluctuations! and this choice of the
value oft is considered to be good enough to believe that
value of Q becomes stable. HereQ plays the role of the
dynamic order parameter. It may be noted that one meas
the value of the order parameter, i.e., spontaneous mag
zation, in the same way as in the case of a normal ferro-p
transition. However, there is a remarkable difference. In
latter~or normal ferro-para! case, the system reaches a stea
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equilibrium state; however, in the former~or present! case
the state lies in anonequilibrium~time-dependent! state. This
dynamic order parameterQ is observed to be a function o
width h0 of the randomly varying magnetic field and th
temperatureT of the system, i.e.,Q5Q(h0 ,T). Each value
of Q has been calculated by averaging over at least 25
ferent random samples.

B. Results

Taking all spins to be up (si
z511) as the initial condi-

tion, the simulation was performed using the above form
the time-varying fieldh(t). It has been observed numerical
that, for a fixed values ofh0, if T increases,Q decreases
continuously and ultimately vanishes at a fixed value ofT.
Similarly, for a fixed temperature, ifh0 increases, the value
of Q decreases and finally vanishes at a particular value
h0. Figure 1 shows the time variation of magnetizationm(t)
at a particular temperatureT and for two different values o
field width h0. For a small value ofh0, the system remains in
a dynamically symmetry broken phase@Fig. 1~a!# where the
magnetization oscillates asymmetrically about the zero l
As a result, the dynamical order parameterQ ~the time-
averaged magnetization! is nonzero. As the field increase
the system gets sufficient energy to flip dynamically in su
a way that the magnetization oscillates symmetrically@Fig.
1~b!# about the zero line and as a resultQ vanishes.

It is possible to letQ vanish by either increasing the tem
peratureT for a fixed field widthh0 or vice versa. It has bee
observed that for any fixed value ofh0 the transition is con-
tinuous. Two such transitions~for two different values ofh0)
are depicted in Fig. 2. So, in the plane formed by the te
peratureT and the field widthh0, one can think of a bound
ary line, below whichQ is nonzero and above which it van
ishes. Figure 3 displays such a phase boundary in theh0-T
plane obtained numerically by Monte Carlo simulation. T
transition observed here is continuous irrespective of the
ues ofh0 and T, i.e., unlike the earlier cases@9,7#, no tric-
ritical point has been observed. It may be noted here that
transition temperature, for field width going to zero, reduc

FIG. 2. Monte Carlo results of the temperatureT variations of
the dynamic order parameterQ for two different values ofh0: h0

52.4 (d) andh050.8 (L).
if-

f

of

e.

h

-

l-

e
s

to the equilibrium~zero field! ferro-para transition point. In
Fig. 3, the overestimated~from the Onsager valueTc
52.269 . . . ) value of the transition temperature in theh0
→0 limit may be due to the small size of the system.
should be mentioned here that all the results are obtaine
using sequential updating scheme. Although there is so
study @13# regarding the updating scheme to simulate
dynamic processes, in the present study no significant de
tion was found for these two different~sequential and ran
dom! updating techniques. Few data points of the ph
boundary~marked by bullets in Fig. 3! are obtained by using
the random updating scheme and no significant devia
was observed.

III. MEAN-FIELD STUDY

A. Mean-field dynamical equation and solution

The mean-field dynamical equation of motion for the a
erage magnetizationm @7# is

dm

dt
52m1tanhS m~ t !1h~ t !

T D , ~3.1!

whereh(t) is the randomly varying external magnetic fie
satisfying the condition

1

tEt0

t01t

h~ t !dt50, ~3.2!

with the same distributionP(h) discussed earlier. Eq.~3.1!
has been solved by employing the fourth-order Runge-Ku
method subjected to the above condition. The initial mag
tization is set equal to unity, which serves as a bound
condition. First, the magnetizationm(t) has been calculated
for h(t)50, bringing the system into an equilibrium stat
After that the switch of the randomly varying magnetic fie
has been turned on. The dynamic order parameterQ

FIG. 3. Phase boundary for the dynamic transition obtain
from MC simulations. The data points represented byd are ob-
tained by using random updating and those represented byL are
obtained by sequential updating.
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5(1/t)*0
tm(t8)dt8 has been calculated from the solutio

m(t) of Eq. ~3.1!. The Q is averaged over 25 different ran
dom samples.

B. Results

Observations similar to the MC case are made in t
case. For quite small values ofh0 andT the systems remain
in a dynamically asymmetric phase (QÞ0) and get into a
dynamically symmetric (Q50) phase for higher values o
h0 and T. It is observed that one can forceQ to vanish
continuously by tuningh0 andT. A phase boundary line fo
the dynamic transition is shown in Fig. 4. Here also t
limiting (h0→0) transition temperature reduces to the M
equilibrium ~zero-field! transition point (Tc

MF51). It may be
noted here that the coordination numberz ~5 4 in two di-
mension! has been absorbed in the interaction strengthJ in
calculating theTc

MF(51) and the temperature~shown here
in Fig. 4! is measured in units ofJz.

IV. SUMMARY

The nonequilibrium dynamic phase transition in the tw
dimensional kinetic Ising model in the presence of a r
domly varying~in time but uniform over the space! magnetic
field is studied both by Monte Carlo simulation and by so
ing the mean-field dynamical equation of motion. In both t
cases, it is observed that the system remains in a dynami
symmetric phase (Q50) for large values of the width of the
randomly varying magnetic field and the temperature.

FIG. 4. Phase boundary for the dynamic transition obtain
from the solution of the MF dynamic equation~3.1!.
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reducing the value of field width and temperature one c
bring the system in a dynamically symmetry broken pha
(QÞ0). The time-averaged magnetization, i.e., the dynam
order parameter, vanishes continuously depending upon
value of width of the randomly varying field and the tem
perature. The nature of the transition observed here is alw
continuous and the phase boundaries are drawn. It ma
mentioned here that the dynamic responses of the Gla
kinetic Ising model are studied@9# for a quasiperiodic time
variation of the magnetic field.

There is some experimental evidence of the dynamic tr
sition. Recently, Jianget al. @14# observed indications of the
dynamic transition, associated with the dynamical symme
breaking, in the ultrathin Co/Cu~001! sample put in a sinu-
soidally oscillating magnetic field by the magneto-optic Ke
effect. For small values of the amplitude of the oscillati
field the m-h loop lies asymmetrically~dynamic ordered
phase! in the upper half plane and becomes symmetric~dy-
namic disordered phase! for higher values of the field ampli
tude. Very recently, the dynamical symmetry breaking h
been observed experimentally in highly anisotropic~Ising-
like! ultrathin ferromagnetic Fe/W~110! films and is nicely
depicted in Fig. 1 of Ref.@15#. However, the detailed quan
titative study to draw the phase boundary has not yet b
done experimentally.

Very recently, the stationary properties of the Ising ferr
magnet in the presence of a randomly varying~having a bi-
modal distribution! magnetic field have been studied@16# in
the mean-field approximation. The transition observed fr
the distribution of stationary magnetization is discontinuo
However, the present study deals with thedynamicalprop-
erties~dynamical symmetry breaking! of the system and the
nonequilibrium transitions in the Ising ferromagnet in t
presence of a randomly varying~uniformly distributed! mag-
netic field. In the former case the transition was observ
from the distribution of stationary magnetization. Howev
in the present study, this was observed from the tempera
variation of the dynamic order parameter associated wit
dynamical symmetry breaking and the transition observe
continuous. An extensive numerical effort is required
characterize and to know the details of this dynamical ph
transition. It would also be important to see whether the d
ferent kinds of distributions of the randomly varying fie
would give different results.
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