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Hysteresis and the dynamic phase transition in thin ferromagnetic films
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Hysteresis and the nonequilibrium dynamic phase transition in thin magnetic films subject to an oscillatory
external field have been studied by Monte Carlo simulation. The model under investigation is a classical
Heisenberg spin system with a bilinear exchange anisotropyL in a planar thin film geometry with competing
surface fields. The film exhibits a nonequilibrium phase transition between dynamically ordered and dynami-
cally disordered phases characterized by a critical temperatureTcd , whose location is determined by the
amplitudeH0 and frequencyv of the applied oscillatory field. In the presence of competing surface fields the
critical temperature of the ferromagnetic-paramagnetic transition for the film is suppressed from the bulk
system valueTc to the interface localization-delocalization temperatureTci . The simulations show that in
generalTcd,Tci for the model film. The profile of the time-dependent layer magnetization across the film
shows that the dynamically ordered and dynamically disordered phases coexist within the film forT,Tcd . In
the presence of competing surface fields, the dynamically ordered phase is localized at one surface of the film.

DOI: 10.1103/PhysRevE.63.066119 PACS number~s!: 64.60.2i, 75.60.2d, 75.70.2i, 75.40.Mg
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I. INTRODUCTION

When a ferromagnet is subject to a time-dependent os
latory external fieldH(t), the system cannot typically re
spond instantaneously. Thus the time-dependent magne
tion of the system lags behind the driving field and hystere
results. The area of the hysteresis loopA is equal to the
energy dissipated per period of the applied oscillatory fi
and its dependence on the frequency and amplitude of
applied field has been extensively studied. An ultrathin f
romagnetic film with a uniaxial anisotropy that is driven by
oscillatory external fieldH(t)5H0 sin(vt), whereH0 is the
amplitude andv is the angular frequency of the applied fiel
will switch between two stable states of positive and ne
tive magnetization that are degenerate in the absence o
applied field (H050). Experimental studies@1–4# have ob-
served power law scaling of the hysteresis loop areaA with
A;H0

avb which was generally consistent with mean-fie
theory @5,6# and early Monte Carlo studies of the kinet
Ising model@7–11#. However, there was much disagreeme
in the reported values for the exponentsa andb. Subsequent
extensive Monte Carlo simulations of the kinetic Ising mod
@12–14# have shown that the hysteresis loop area exhibits
extremely slow approach to an asymptotic, logarithmic
pendence on the product of the amplitude and the field
quency. This may explain the inconsistent exponent e
mates reported in attempts to fit experimental and numer
data for the low frequency behavior of the hysteresis lo
area to a power law. At higher frequencies a dynamic ph
transition is observed in which the period averaged mag
tization Q passes from a dynamically disordered state w
Q50 to a dynamically ordered state withQ.0. This dy-
namic phase transition can be intuitively understood as
competition between two time scales: the period of the
plied oscillatory field and the response time of the magn
zation. When the field oscillates at sufficiently low frequen
the magnetization essentially follows the field, switching t
system between its two zero-field stable states with the s
1063-651X/2001/63~6!/066119~10!/$20.00 63 0661
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period as the applied field, provided that the amplitude of
external force is sufficiently large. At higher frequencies, t
system is unable to relax quickly enough even to follow t
sign ~phase! of the external field and settles down into
symmetry-breaking oscillation about one or other of its ze
field stable states. The location of the transition is a funct
of the temperature, field amplitude, and frequency. A fini
size scaling analysis of large-scale Monte Carlo simulati
of the kinetic Ising model in an oscillatory field has show
that the dynamic phase transition is in the same universa
class as the equilibrium Ising model@15#. This result was
confirmed in a recent study of a time-dependent Ginzbu
Landau model in an oscillatory field@16#.

The study of thin film ferromagnetism is of intense si
nificance. Not only for its applications in magnetic recordi
media, a key component of today’s information technolo
industry, but also for the fundamental physics it revea
Finite-size effects in thin films arising from both confin
ment and surface modification give rise to a variety of eq
librium phase behaviors that are not observed in the b
materials. In this context, the interface localizatio
delocalization transition in thin ferromagnetic films wit
competing surfaces has been the subject of much recen
vestigation. The competing surface forces are surf
anisotropies in the direction perpendicular to the plane of
film that favors a positive magnetization at one surface an
negative magnetization at the other surface. Binderet al.
@17–20# have made an extensive study of the thin ferrom
netic Ising film with competing surface forces and show
that the properties of the interface localization-delocalizat
transition are distinct from both the bulk ferromagnet
paramagnetic phase transition and the wetting transition
semi-infinite systems. Complementary studies on thin fer
magnetic Heisenberg films with competing surface forc
@21,22# have shown that the presence of an interfa
localization-delocalization transition is not restricted to d
crete state models, such as the Ising model. But it is a
found in magnetic systems where the spins are continuo
©2001 The American Physical Society19-1
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HYUNBUM JANG AND MALCOLM J. GRIMSON PHYSICAL REVIEW E63 066119
orientable, albeit with some degree of uniaxial anisotropy
While the kinetic Ising model can provide a good mod

of uniaxial ferromagnets in which magnetization rever
proceeds by nucleation and domain wall motion, it can
account for magnetic relaxation processes such as the co
ent rotation of spins. This requires a spin model with co
tinuous degrees of freedom such as the classical Heisen
model in which the magnetic spins can rotate through
possible orientations. However, studies of the magn
phase behavior of the Heisenberg model are more com
cated than for the corresponding Ising model. With only is
tropic interactions between nearest-neighbor spins, fe
magnetic order is only found at zero temperature in
absence an external field. However, the inclusion o
uniaxial anisotropy in the Hamiltonian can significant
modify the properties of the Heisenberg spin system.
uniaxial anisotropy favors the alignment of spins along
easy axis, conventionally denoted as thez axis, which can be
regarded as thec axis in hexagonal, tetragonal, and rhomb
hedral crystals. For sufficiently large values of the uniax
anisotropy, Ising-like phase behavior is recovered@21,22#.

This paper investigates hysteresis and the dynamic p
behavior of thin ferromagnetic films within the anisotrop
Heisenberg model. The inclusion of competing surface fie
allows the magnetization distribution within the film to b
controlled and its interplay with driving force provided b
the applied oscillatory field studied. In Sec. II a full descr
tion of the model is given together with the details of t
Monte Carlo simulation method. In Sec. III the dynam
phase behavior of the thin ferromagnetic film with free s
faces is presented along with the results for the correspo
ing bulk system. Modifications to the dynamic phase beh
ior resulting from the addition of competing surface fiel
are given in Sec. IV. The structure of the magnetizat
within the film is detailed in Sec. V, and the role of th
frequency of the applied oscillatory fields is the topic of S
VI. The paper closes with a conclusion.

II. MODEL

The Hamiltonian for the classical Heisenberg model w
a bilinear exchange anisotropyL can be written as@22#

H052J(
^ i , j &

@~12L!~Si
xSj

x1Si
ySj

y!1Si
zSj

z#. ~1!

where Si5(Si
x ,Si

y ,Si
z) is a unit vector representing thei th

spin and the notation̂i,j& means that the sum is restricted
nearest-neighbor pairs of spins.J is a coupling constant char
acterizing the magnitude of the exchange interaction and
ferromagnetsJ.0. Following Binder and Landau@23#, L
determines the strength of the bilinear exchange anisotr
and is only applied to thex andy components of the spin. In
the isotropic limit,L50, the model reduces to the familia
classical Heisenberg model of magnetism, while forL51,
the Hamiltonian becomes Ising-like.

The system under consideration here is a thr
dimensional thin planar film of finite thicknessD subject to
applied surface fields and an oscillatory external field w
Hamiltonian
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H5H02 (
i Psurface 1

H1•Si2 (
i PsurfaceD

HD•Si2H~ t !(
i

Si
z ,

~2!

whereH1 and HD are the applied surface fields. The tim
dependent oscillatory external fieldH(t) is taken to have a
sinusoidal form with

H~ t !5H0 sin~vt !, ~3!

whereH0 is the amplitude andv is the angular frequency o
the oscillatory field.

We consider a simple cubic lattice of sizeL3L3D in
units of the lattice spacing, and apply periodic boundary c
dition in thex andy directions. Free boundary conditions a
applied in thez direction that is of finite thicknessD. The
system is subject to competing applied surface fields in l
ersn51 andn5D of the film with

H15hẑd i1 , ~4!

HD52hẑd iD , ~5!

giving a Hamiltonian

H5H02hS (
i Psurface 1

Si
z2 (

i PsurfaceD
Si

zD 2H~ t !(
i

Si
z .

~6!

A film thicknessD512 was used throughout. The valu
of D512 corresponds to the crossover regime between
wall and bulk-dominated behavior for thin Ising films@18#.
In thinner films it is difficult to distinguish between ‘‘inter
face’’ and ‘‘bulk’’ phases in the film since all layers of th
film feel the effect of the competing surface fields rath
strongly, while for thicker films the surfaces of the film on
interact close to the bulk critical point. Results are repor
here for lattices of sizeL532, but no significant difference
were found for lattices withL564 andL5128 at noncritical
values ofH0 , v, andT. The Metropolis algorithm@24# was
used in the Monte Carlo simulations with trial configuratio
generated from Barker-Watts@25# spin rotations. In the
simulations trial spin rotations were performed sequentia
through the lattice in a checkerboard fashion. One full sc
of the entire lattice comprises one Monte Carlo step per s
~MCSS!, the unit of time in the simulations. The period o
the sinusoidal external field is given by the productRFSN,
whereRFS is the field sweep rate@26# andN is the number of
MCSS. The applied oscillatory fieldH(t) is updated after
every MCSS according to Eq.~3!. The majority of the simu-
lations were performed for a value ofRFS51 with N5240.
For lower frequencies of the applied oscillatory field, larg
values forRFS were used up to a value ofRFS51000. In all
the simulations a random initial spin configuration was us

No significant changes to the dynamical properties
ported in this paper were found when a random spin upd
scheme replaced the checkerboard sequential updating
in these simulations of the classical Heisenberg spin syst
although it should be noted that Monte Carlo studies of
very fine detail in the dynamics for the kinetic Ising mod
9-2
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HYSTERESIS AND THE DYNAMIC PHASE TRANSITION . . . PHYSICAL REVIEW E63 066119
have revealed significant differences between random
sequential spin updating schemes@27#.

The time-dependent magnetic order of the film is char
terized by thez component of the magnetization for the fil

Mz~ t !5
1

D (
n51

D

Mn
z~ t ! ~7!

and the time-dependentz component of the magnetizatio
for the nth layer of the film

Mn
z~ t !5

1

L2 ( Si
z~ t ! ~8!

was calculated during the simulations. The order param
Q for the dynamic phase transition@11# is the period-
averaged magnetization over a complete cycle of the s
soidal field defined by

Q5
v

2p R Mz~ t !dt. ~9!

The hysteresis loop areaA is defined by

A52 R MzdH. ~10!

III. FREE FILM

In this paper we have focused on a system with a bilin
exchange anisotropy ofL50.1. For this weak exchange an
isotropy L the system is intermediate in character betwe
the limiting Ising-like (L51) and Heisenberg (L50) mod-
els. In the absence of an applied field the bulk system
plays a second-order ferromagnetic-paramagnetic phase
sition at Tc* 5kBTc /J51.53. For the thin film geometry
considered here with film thicknessD512 and in the ab-
sence of any applied field the critical temperature charac
izing the ferromagnetic-paramagnetic phase transition is
duced withTc* 51.51 for the free film.

When subject to an applied oscillatory fieldH(t) the mag-
netization of the film becomes time dependent. The dyna
response of the film is characterized by the period-avera
magnetizationQ and the hysteresis loop areaA. Figure 1
shows^Q& and^A& as a function of the field amplitudeH0 for
an applied oscillatory field with angular frequencyv
52p/240. ^Q& and ^A& are averaged values over a sequen
of full cycles with initial transients discarded. The number
cycles in the average was adjusted to ensure the statis
average was much smaller than the symbol in the figure.
figure presents the results of simulations at reduced temp
ture of T* 5kBT/J51.0. For comparative purposes the fi
ure also shows the corresponding result for the bulk sys
subject to the same applied oscillatory field. These res
were obtained from a simulation of a 32332332 simple
cubic lattice with periodic boundary conditions. The quali
tive form of ^Q& and^A& as a function ofH0 in Fig. 1 is the
same for both the bulk system and the free film. For sm
H0 , ^Q& is a constant and̂A&50. SinceT* ,Tc* , the sys-
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tem is ferromagnetic. For sufficiently smallH0 , the applied
field is too weak to produce any significant reorientation
the spins in the ferromagnetically ordered sample. Hence
film magnetization is essentially time independent. As a c
sequencêA&50 and the nonzero magnetization of the fe
romagnetically ordered system ensures^Q& has a nonzero
value for smallH0 .

As H0 increases the driving force of the oscillatory fie
starts to dominate the competing ferromagnetic ordering a
ing from the spin-spin interactions. The alignment of sp
then tends to follow the oscillatory field and gives rise
temporal oscillations in the film magnetization with an ang
lar frequency consistent with the applied field. As a res
^Q& decreases, whilêA& increases, with increasingH0 . For
sufficiently largeH0 the applied field becomes so domina
that^Q& vanishes as a result of the symmetric variation of
time-dependent magnetization. The dynamic phase trans
is characterized by the order parameterQ that vanishes at a
nonzero value ofH0 with increasingH0 . Note that the loca-
tion of the dynamic phase transition in the free film is a
slightly lower value ofH0 . Figure 1 shows that̂Q& vanishes
at values ofH050.76 in the free film andH050.80 in the
bulk system. For values ofH0 greater than these critica
values, there is a smooth monotonic increase in^A& with
increasingH0 which has a power law form witĥA&;H0

a .
The results in Fig. 1 correspond to values ofa50.75 in the
bulk system anda50.73 in the free film. Such values fora
are slightly higher than those found in comparable Is
model studies@11#, although estimates for power law scalin
exponents extracted from fits to data over a restricted am
tude range must be treated with caution@14#.

The temperature dependence of the period-averaged m
netizationQ and the hysteresis loop areaA is shown in Fig.

FIG. 1. Period-averaged magnetization^Q& ~solid symbols! and
hysteresis loop areâA& ~open symbols! as a function of the ampli-
tude of applied oscillatory fieldH0 at a temperature ofT* 51.0 in
the bulk system~circles! and the free film with no surface field
~triangles!.
9-3
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HYUNBUM JANG AND MALCOLM J. GRIMSON PHYSICAL REVIEW E63 066119
2 for the free film and the bulk system at an amplitude of
applied oscillatory field,H051.0. Figure 2 shows that̂Q&
Þ0 at low T* and the system is in a dynamically order
phase, while a dynamically disordered state is found at h
T* with ^Q&50. The critical temperature characterizing t
dynamic phase transitionTcd* is lower in the free film than in
the bulk system withTcd* 50.81 for the free film andTcd*
50.86 for the bulk system. Note thatTcd* !Tc* for both the
free film and the bulk system. Figure 2 further shows that
dependence of̂A& on T* is qualitatively different from the
dependence of̂A& on H0 seen in Fig. 1. For fixedH0 , Fig. 2
shows that̂ A& as a function ofT* possesses a broad, b
clear, maximum located temperatures just aboveTcd* . These
results are consistent with studies of the two-dimensio
kinetic Ising model@11,14# and provide additional evidenc
for the existence of a dynamic phase transition atTcd* .

Additional studies of smaller systems withL516 re-
turned results consistent with those presented here for a
tice with L532. But for very small systems withL56, there
is no significant lag of the spins behind the applied osci
tory field and no dynamic phase transition is observed@12#.

IV. COMPETING SURFACE FIELDS

For the thin film geometry considered in this paper with
film thicknessD512 and competing surface fields withh
50.55, the system exhibits an interface localizatio
delocalization transition at a critical temperature ofTci*
51.12 in the absence of an applied field. This is well bel
the critical temperature of the ferromagnetic-paramagn
phase transition for the bulk system, whereTc* 5kBTc /J
51.53. Thus for the system under consideration here,

FIG. 2. Period-averaged magnetization^Q& ~solid symbols! and
hysteresis loop areâA& ~open symbols! as a function of the tem-
peratureT* for an applied oscillatory field amplitude ofH051.0 in
the bulk system~circles! and the free film with no surface field
~triangles!.
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transitions are quite distinct.

The magnetization of the film becomes time depend
when subject to an applied oscillatory field. The dynam
response of the film with competing surface fields is given
Fig. 3. This showŝ Q& and ^A& as a function of the field
amplitudeH0 for an applied oscillatory field with angula
frequency v52p/240. The figure presents the results
simulations at reduced temperatures ofT* 5kBT/J50.6, 1.0,
and 1.2. In equilibrium withH050, the corresponding bulk
systems are ferromagnetic at all three temperatures, while
film displays a localized interface in the magnetization p
file at the lowest temperature and a delocalized interfac
the highest temperature. The qualitative form of^Q& and^A&
as a function ofH0 in Fig. 3 is the same for all three tem
peratures, i.e., for thin ferromagnetic films above and be
the interface localization-delocalization transition. In t
limit H0→0, the net magnetization of the film with compe
ing surface fields is zero and hence^Q&50 for H0→0. For
smallH0 there is an, initially linear, increase in^Q& with H0
up to a maximum in̂ Q&. As H0 increases further,̂Q& de-
creases to zero.

The dynamic phase transition is characterized by the o
parameterQ that vanishes at a nonzero value ofH0 with
increasingH0 . For increasingT* the location of the dy-
namic phase transition shifts to lower values ofH0 . Figure 3
shows that at temperatures ofT* 50.6, 1.0, and 1.2,̂Q&
vanishes at values ofH051.3, 0.75, and 0.5, respectively. I
addition the peak in̂Q& decreases in magnitude while i
location also shifts to lowerH0 with increasingT* . All di-
rect consequences of the greater thermal disorder in the
system at higherT* requiring a smaller amplitude of th
applied field to dominate the ferromagnetic order of t
sample and to drive the dynamic reorientation of the sp

FIG. 3. Period-averaged magnetization^Q& ~solid symbols! and
hysteresis loop areâA& ~open symbols! as a function of the ampli-
tude of applied oscillatory fieldH0 for temperatures ofT* 50.6
~circles!, T* 51.0 ~triangles!, andT* 51.2 ~squares!.
9-4
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HYSTERESIS AND THE DYNAMIC PHASE TRANSITION . . . PHYSICAL REVIEW E63 066119
For smallH0 , Fig. 3 showŝ A&50 and a smooth monotoni
increase in̂ A& with increasingH0 coinciding with the de-
crease to zero of̂Q&. For values ofH0 above the dynamic
phase transition, the results of Fig. 3 are consistent w
power law scaling of the form̂A&;H0

a . The exponenta
shows no significant dependence on witha50.74, 0.73, and
0.72 forT* 50.6, 1.0, and 1.2, respectively. Such values
a are consistent with those obtained for the free film a
bulk system reported in Sec. III, although estimates for
power law scaling exponenta determined from a restricte
amplitude range must be treated with caution@14#.

The temperature dependence of the period averaged m
netizationQ and the hysteresis loop areaA in the film with
competing surface fields is shown in Fig. 4 for three amp
tudes of the applied oscillatory field:H050.3, 0.55, and 1.0
So the figure contains information on the dynamic ph
transition in the ferromagnetic films for applied oscillato
fields whose magnitude is below, equal to, and above tha
the surface fieldh50.55. For all values ofH0 , Fig. 4 shows
that ^Q&Þ0 at low T* and the system is in a dynamical
ordered phase, while a dynamically disordered state is fo
at high T* with ^Q&50. However, the critical temperatur
characterizing the dynamic phase transitionTcd* is H0 depen-
dent. Figure 4 showsTcd* 51.43, 1.18, and 0.80 for the osci
latory field amplitudes ofH050.3, 0.55, and 1.0, respec
tively. Thus the critical temperature for the dynamic pha
transition of the film decreases with increasingH0 . Figure 4
further shows that the hysteresis loop area^A& as a function
of T* possesses a broad, but clear, maximum located t
peratures just aboveTcd* as previously seen for the bulk sy
tem and the free film with no surface fields.

As the magnitude of the surface field strengthh is in-
creased, the critical temperature of the interface localizat

FIG. 4. Period-averaged magnetization^Q& ~solid symbols! and
hysteresis loop areâA& ~open symbols! as a function of the tem-
peratureT* for applied oscillatory field amplitudes ofH050.3
~circles!, H050.55 ~triangles!, andH051.0 ~squares!.
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delocalization transitionTci* decreases. However, our simu
lations show thatTcd* also decreases ash increases and tha
Tcd* ,Tci* for all h. Indeed, the qualitative form of the hyste
esis curves is essentially independent of the magnitude o
competing surface fields.

A greater insight into the nature of the dynamic pha
transition seen in Figs. 3 and 4 follows from the time depe
dence of thez component of the magnetizationMz(t) in the
applied oscillatory fieldH(t). Figure 5 showsMz(t) for the
film over the initial cycles of the applied oscillatory field at
temperatureT* 51.0 for an applied oscillatory field of angu
lar frequencyv52p/240 with amplitudesH050.3, 0.7, 1.0,
2.0, and 3.0. The figure shows that memory of the init
state in the simulation is short, the steady state being rap
obtained within a few cycles of the applied oscillatory fie
for all H0 . From Fig. 3 it can be seen thatH050.3 andT*
51.0 corresponds to a dynamically ordered state with a n
zero value ofQ. Figure 5 shows after initial transientsMz for
H050.3 andT* 51.0 has an oscillatory form with the sam
angular frequency as the applied oscillatory field, but la
behind the field by approximatelyp/2. The dynamic ordering
of the state is evidenced by the nonzero mean value
Mz(t). The hysteresis curve is obtained by plottingMz(t) in
the Mz-H plane and forH050.3 andT* 51.0 the hysteresis
curve is the asymmetric loop shown in Fig. 6~a!. The asym-
metric loop can be located in either the positive or negat
Mz half-plane, depending on the initial direction of the a
plied oscillatory field. For the increased field amplitudeH0
50.7, the time-dependent magnetization still smoothly os
lates with the applied field but with a slight decrease in
phase lag ofMz behindH. Most notably, though, the mea
value ofMz(t) is markedly reduced. The hysteresis curve
H050.7 andT* 51.0 from the data in Fig. 5 is given in Fig
6~b! and is close to symmetric about theMz and H axes.
Thus the period averaged magnetization^Q& is very small,
while the hysteresis loop area is much larger than forH0
50.3. From Fig. 3 it can be seen that theH050.7 andT*
51.0 state is located in the vicinity of the phase transiti
between dynamically ordered and dynamically disorde
states.

FIG. 5. Dynamic response ofz component of the magnetizatio
Mz(t) at a temperature ofT* 51.0 for applied oscillatory field am-
plitudes ofH050.3, 0.7, 1.0, 2.0, and 3.0.
9-5
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FIG. 6. Hysteresis loop at a
temperature ofT* 51.0 for ap-
plied oscillatory field amplitudes
of ~a! H050.3, ~b! H050.7, ~c!
H052.0, and~d! H053.0.
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When the applied oscillatory field amplitude increas
further to H052.0 and 3.0, the time-delayed dynamic r
sponse ofMz(t) to the oscillatory field atT* 51.0 shown in
Fig. 5 corresponds to the hysteresis loops as in Figs. 6~c! and
6~d!. These systems are characterized by a zero value fo
period averaged magnetization and large values for the
teresis loop area that increase withH0 . The onset of satura
tion in the peaks and troughs ofMz(t) results in the more
angular shape for the hysteresis loop that becomes m
marked with increasingH0 . Note that the lag in the respons
of Mz to the applied fieldH reduces with increasingH0 .

Figure 7 shows simulation results for the time variation
z component magnetizationMz(t) with an applied field of
amplitude H051.0 and angular frequencyv52p/240 for
temperatures 0.6<T* <1.4. The hysteresis curves corr
sponding to the results forMz(t) in Fig. 7 atT* 50.6, 0.8,
1.0, and 1.4 are shown in Fig. 8. From Fig. 4 forH051.0,
the critical temperature for the dynamic phase transition
given byTcd* (H051.0)50.8. ForT,Tcd , Mz(t) lagsH(t)
by approximatelyp/2 and the dynamically ordered phase
the film is characterized by a nonzero mean value forMz(t).
The asymmetric loop in the hysteresis curve can be loca
in either the positive or negativeMz half-plane, depending
on the initial direction of the applied oscillatory field. Se
Fig. 8~a! for T* 50.6. Figure 8~b! shows that the hysteres
loop becomes essentially symmetric about theMz and H
axes aroundTcd . This gives rise to the vanishing ofQ and
06611
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indicates the onset of a dynamically disordered phase.
T.Tcd the phase lag ofMz(t) behindH(t) decreases with
increasingT. This is a result of thermal disorder reducing th
ferromagnetic ordering tendencies of the spins which
come more able to respond to the applied field. Furtherm
another consequence of enhanced thermal disorder with
creasingT is that the magnitude ofMz(t) in the cycle of
H(t) decreases with increasingT. This reduces the magni
tude of hysteresis loop area forT.Tcd . As a result the hys-

FIG. 7. Dynamic response of thez component of the magneti
zationMz(t) to an applied oscillatory field of amplitudeH051.0 at
temperatures ofT* 50.6, 0.8, 1.0, 1.2, and 1.4.
9-6



f

HYSTERESIS AND THE DYNAMIC PHASE TRANSITION . . . PHYSICAL REVIEW E63 066119
FIG. 8. Hysteresis loop for an
applied oscillatory field of ampli-
tude H051.0 at temperatures o
~a! T* 50.6, ~b! T* 50.8, ~c! T*
51.0, and~d! T* 51.4.
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teresis loop area has maximum value at temperatures
aboveTcd* .

V. DYNAMIC RESPONSE OF THE LAYER
MAGNETIZATION WITHIN THE FILM

Further information on the nature of the dynamic pha
behavior of the film seen in Sec. IV is contained in the lay
magnetization across the film. Figure 9 shows the tim
dependent layer magnetization across the filmMn

z(t) over
three consecutive cycles of the applied oscillatory field
(H0 ,T* )5(1.0,1.0),~1.0, 0.6!, and ~3.0, 1.0!. From the re-
sults of Sec. IV it can be seen that the states (H0 ,T* )
5(1.0,1.0) and~3.0, 1.0! correspond to dynamically disor
dered states of the film, while for (H0 ,T* )5(1.0,0.6) the
film is in a dynamically ordered state. A qualitative diffe
ence between the results forMn

z(t) in the dynamically or-
dered phase@Fig. 9~b!# and those in the disordered pha
@Figs. 9~a! and 9~c!# is immediately apparent. For the dy
namically disordered states of the film,Mn

z(t) has the same
qualitative form for alln. The time-dependent layer magn
tization is essentially uniform across the film and at any
stant of time no interface between regions of negative
positive magnetization of the film can be observed. T
‘‘uniform’’ time-delayed response of the layer magnetizati
across the film to the applied oscillatory field leads to a sy
06611
st

e
r
-

r

-
d
e

-

metric hysteresis loop for the film and a zero value for t
dynamic order parameter of the filmQ.

This is in marked contrast to the behavior of the dynam
cally ordered system shown in Fig. 9~b!. HereMn

z(t) at the
near surface of the film, layern51, oscillates between posi
tive and negative values in a time-delayed response to
applied oscillatory field. The time-averaged magnetization
layer 1 is close to zero. Indeed the behavior in layern51 is
reminiscent of that seen in all layers of the film in a dynam
cally disordered state. ButMn

z(t) at the far surface of the
film, layer n512, is markedly different. It shows a larg
nonzero value for the time-averaged magnetization of
layer with only a very weak oscillatory response to the a
plied oscillatory field, so that the behavior of layern512 is
akin to that observed in the dynamically ordered state. T
for an applied oscillatory field withH051.0, at a tempera-
ture T* 50.6, dynamically ordered and dynamically diso
dered states coexist within the film. From Fig. 4 forH0
51.0, it can be seen that the temperatureT* 50.6 is below
the dynamic critical temperatureTcd* 50.8. The nonzero
value ofQ for the film in this state arises from the contribu
tion of the dynamically ordered layers on the far side of t
film, n.4. ForT* .Tcd* all layers of the film correspond to
dynamically disordered states. But whenT* is below Tcd*
dynamically ordered layers form in the film. The dynam
cally ordered layers are located near the far surface of
9-7
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film since T* ,Tcd* ,Tci* and the underlying equilibrium
state of the film is an interface localized state, in this c
one with a net positive magnetization of the film. Note, ho
ever, that the net magnetization of the film in an interfa
localized state can be either positive or negative, depen
on the initial spin configuration used in the simulation a
the phase constant of the applied oscillatory field.

VI. FIELD SWEEP RATE

Recent experimental work@1–4# and theoretical studies o
the kinetic Ising model@11–14# have shown that the form o

FIG. 9. Dynamic response of the layer magnetization across
film Mn

z for ~a! H051.0 andT* 51.0, ~b! H051.0 andT* 50.6,
and ~c! H053.0 andT* 51.0.
06611
e
-
-
ng

the hysteresis loop strongly depends on the frequency of
applied oscillatory field. To conclude this work, the depe
dence of the hysteresis curve on the frequency of the app
oscillatory field is investigated. Figure 8~c! shows the hys-
teresis loop for the film at a temperatureT* 51.0 subject to
an applied oscillatory field of amplitudeH051.0 at field
sweep rateRFS51, corresponding to a period of 240 MCS

FIG. 10. Hysteresis loop for an applied oscillatory field of am
plitudeH051.0 at a temperature ofT* 51.0 for field sweep rates o
~a! 10, ~b! 100, and~c! 1000.

e
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for the sinusoidal applied field. In addition Fig. 10 shows t
hysteresis loops for the same system at lower angular
quencies of the applied oscillatory field with field swe
rates ofRFS510, 100, and 1000. The first point to note
that the results show the same general trends previously
in studies of the bulk kinetic Ising model@11,14#. The hys-
teresis loop area increases with decreasing angular frequ
until it reaches a maximum before falling to zero. The d
namic phase transition occurs at a critical angular freque
vc close to where the hysteresis loop area is a maximum.
v.vc , the system is in a dynamically ordered state. A d
namically disordered state is observed forv,vc . Hyster-
esis loops that enclose the origin only occur for angular
quencies belowvc .

In Fig. 10 we show the results forv,vc and T.Tc .
Starting from Fig. 8~c! where RFS51, the loop area de
creases with increasingRFS, i.e., decreasing the angular fre
quency of the applied oscillatory field. At the lowest angu
frequency studied withRFS51000@Fig. 10~c!#, the hysteresis
loop area is substantially smaller than forRFS51 @Fig. 8~c!#,
an angular frequency 1000 times smaller. However, note
the qualitative shape of the hysteresis loop changes forRFS
51 where there are no ‘‘tails’’ to the hysteresis curve th
corresponds to saturation of the magnetization. This in
cates that the angular frequencyv52p/240 is close to the
critical frequencyvc for the film.

For fixed temperature and amplitude of the applied os
latory field, the hysteresis loop area shows a power dep
dence on the angular frequency of the applied sinuso
field with ^A&;vb. Over the range 1,RFS,1000, forT*
51.0 andH051.0 the results in this paper give an expone
b50.47 which is comparable with the exponent obtained
the three-dimensional Ising model@11#. However, it should
be noted that any estimate for the power law scaling ex
nentb determined from a restricted frequency range mus
treated with caution@14#.
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VII. CONCLUSION

The dynamic response of thin ferromagnetic Heisenb
films with competing surface fields to an applied oscillato
field has been studied. The magnetic spins in the model
continuously orientable, but the bilinear exchange anisotr
L in the Heisenberg Hamiltonian ensures that Ising-l
characteristics are retained. The competition between the
romagnetic ordering tendencies of the spins and the app
oscillatory field determines the behavior of the film, whic
exhibits a dynamic phase transition between dynamically
dered and dynamically disordered phases. The critical t
perature of the dynamic phase transitionTcd is a function of
the angular frequencyv and amplitudeH0 of the applied
oscillatory field. Hysteresis loops centered on the origin
observed at temperatures aboveTcd . But for T,Tcd the film
is in a dynamically ordered state and the hysteresis loo
displaced from the origin being located in either the posit
or negative magnetization half plane, depending on the in
conditions of the simulation. A study of the time-depende
layer magnetization across the filmMn

z(t) has shown that for
T,Tcd the dynamically ordered and dynamically disorder
phases coexist within the film. In the presence of compet
surface fields, the critical temperature of the ferromagne
paramagnetic transition of the film is suppressed from
bulk system value to the interface localization-delocalizat
temperatureTci . This work shows thatTcd,Tci .
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