
PHYSICAL REVIEW B 67, 094411 ~2003!
Dynamic phase transitions in thin ferromagnetic films
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Monte Carlo simulations have been used to investigate the dynamic phase behavior of a classical Heisenberg
spin system with a bilinear exchange anisotropyL in a planar thin film geometry. Studies of the field ampli-
tude, frequency, and temperature dependence show dynamic phase transitions in films subject to a pulsed
oscillatory external field. Thin films with competing surface fields show separate and distinct dynamic phase
transitions for the bulk and surface layers of the film. Between the two transitions, a mixed state with coex-
isting dynamically ordered and dynamically disordered phases is observed in the film. In contrast, the free film
with no surface fields show a single dynamic phase transition as in a bulk system.
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I. INTRODUCTION

The lag in the response of the magnetization for a fer
magnet subject to a time-dependent oscillatory external d
ing field H(t) is a well-known example of hysteresis. Th
delay is the result of a competition between the two ti
scales that characterize the non-equilibrium system, nam
the period of the applied oscillatory field and the respo
time of the magnetization. In general, the form of the hyst
esis curve for a ferromagnet is a function of the tempera
as well as the amplitude and frequency of applied oscillat
external field. But of particular interest is the dynamic pha
transition~DPT! observed in the hysteretic response of f
romagnets while the period averaged magnetizationQ passes
from a dynamically ordered state withuQu.0 to a dynami-
cally disordered state withQ50.

The frequency and field amplitude dependences of
hysteretic behavior in ferromagnets were extensively stud
both experimentally1–4 and theoretically.5–13 For the two-
dimensional kinetic Ising model below its equilibrium crit
cal temperature, a finite-size scaling analysis of large-s
Monte Carlo simulations has shown that the DPT is in
same universality class as the equilibrium Ising model.14 The
result was confirmed in a recent study of a time-depend
Ginzburg-Landau model in an oscillatory field.15

The kinetic Ising model is a conceptually simple mod
with which to investigate the dynamic behavior
ferromagnets.7–14 Furthermore, it can provide a good repr
sentation of uniaxial ferromagnets in which magnetizat
reversal proceeds by nucleation and domain wall motion,
cannot account for magnetic relaxation processes such a
coherent rotation of spins. This requires a spin model w
continuous degrees of freedom such as the classical He
berg model in which the magnetic spins can rotate thro
all possible orientations. The dynamic phase behavior of
anisotropic Heisenberg spin system in an applied sinuso
oscillatory field was the subject of a recent study.16 The in-
clusion of a bilinear exchange anisotropyL in the model
Hamiltonian gives the system Ising-like characteristics wh
allowing the magnetic spins to orient continuously. The D
was studied as a function of the field amplitude, temperat
and the frequency of the applied oscillatory field. For th
0163-1829/2003/67~9!/094411~11!/$20.00 67 0944
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ferromagnetic films with competing surface fields, the fo
of the time-dependent layer magnetization across the
showed that dynamically ordered and dynamically dis
dered phases could coexist within the film with the dynam
cally disordered phase localized at one surface.

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. Of special interest are thin films with competi
surface fields, namely, films with surface anisotropies in
direction perpendicular to the plane of the film that favor
positive magnetization at one surface and a negative ma
tization at the other surface. Binder and co-workers17–20have
made an extensive study of the thin ferromagnetic Ising fi
with competing surface forces and shown that the proper
of the interface localization-delocalization transition are d
tinct from both the bulk ferromagnetic-paramagnetic pha
transition and the wetting transition in semi-infinite system
Complementary studies on thin ferromagnetic Heisenb
films with competing surface forces21,22 have shown that the
presence of an interface localization-delocalization transit
is not restricted to discrete state models, but is also foun
magnetic systems where the spins are continuously ori
able, albeit with some degree of uniaxial anisotropy.

In this paper, we investigate the dynamic phase beha
of thin ferromagnetic films within the anisotropic Heisenbe
model subject to a pulsed oscillatory external field. The
clusion of competing surface fields allows the magnetizat
distribution within the film to be controlled and its interpla
with the driving force provided by the applied oscillato
field to be studied. The temperature, field amplitude, a
frequency dependence of the dynamic response have
investigated by Monte Carlo simulation, extending an cla
fying an earlier study of thin ferromagnetic films in a sin
soidal oscillatory field.16 While the principal focus of this
work is on films with competing surface fields, for compar
tive purposes the results for free films~without surface
fields! and the corresponding bulk systems are also p
sented.

In the following section a full description of the model
given together with the details of the Monte Carlo simulati
©2003 The American Physical Society11-1



n
o
ile
Th
ds
so
c
en
f t
pe

ith

to
-
f

a
e
s-

ee

e

e
r
to

ry
-

ur

e
all

e
ile
to
lts

h
an-
ent

.
by

a

s
ial
tities

r-
The

es,
om

, it
ach
om
m.
all
ent
to a

ac-
,

r

HYUNBUM JANG, MALCOLM J. GRIMSON, AND CAROL K. HALL PHYSICAL REVIEW B 67, 094411 ~2003!
method. Section III contains the results of the simulatio
and is divided into five subsections. Section III A focuses
the role of pulsed oscillatory external field amplitude, wh
the effects of temperature are presented in Sec. III B.
mixed state found in thin films with competing surface fiel
is investigated in Sec. III C. For the purposes of compari
the corresponding results for the free film with no surfa
fields and a bulk system are given in Sec. III D. The dep
dence of the dynamic phase behavior on the frequency o
applied oscillatory field is discussed in Sec. III E. The pa
closes with a conclusion.

II. MODEL

The Hamiltonian for the classical Heisenberg model w
a bilinear exchange anisotropyL can be written as22

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 theith

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 de-
termines the strength of the bilinear exchange anisotropy
is only applied to thex andy components of the spin. In th
isotropic limit, L50, the model reduces to the familiar cla
sical Heisenberg model, while forL51, the Hamiltonian be-
comes Ising-like.

The system under consideration here is a thr
dimensional thin planar film of finite thicknessD with a
Hamiltonian

H~ t !5H02 (
i Psurface1

H1•Si2 (
i PsurfaceD

HD•Si2H~ t !(
i

Si
z .

~2!

H1 andHD are the static applied surface fields, and the tim
dependent oscillatory external fieldH(t) is taken to have a
pulsed form with

H~ t !5H 2H0 ,
2~k21!p

v
,t <

~2k21!p

v

H0 ,
~2k21!p

v
,t <

2kp

v
,

~3!

whereH0 is the amplitude,v is the angular frequency of th
oscillatory external field, andk(k51,2,3,...) is an intege
representing the number of periods of the pulsed oscilla
external field. The model film is a simple lattice of sizeL
3L3D, in units of the lattice spacing. Periodic bounda
conditions are applied in thex andy directions. Free bound
ary conditions are applied in thez direction that is of finite
thicknessD. The system is subject to competing applied s
face fields in layersn51 andn5D of the film with

H15hẑd i1 , ~4!

HD52hẑd iD , ~5!
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and the Hamiltonian for the system can be written as

H~ t !5H02hS (
i Psurface1

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 w
and bulk dominated behavior for thin Ising films.18 In thinner
films it is difficult to distinguish between ‘‘interface’’ and
‘‘bulk’’ phases in the film, since all layers of the film feel th
effect of the competing surface fields rather strongly. Wh
for thicker films the surfaces of the film only interact close
the bulk critical point. Unless otherwise stated, the resu
reported here are for lattices of sizeL532. However no
significant differences were found for lattices withL564
and 128 at non-critical values ofH0, v, andT. The Metropo-
lis algorithm24 was used in Monte Carlo simulations wit
trial configurations were generated by the rotation of a r
domly selected spin through a random angular displacem
about on thex,y, and z axes chosen at random.25,26 A se-
quence of sizeL3L3D trials comprises on Monte Carlo
step per spin~MCSS!, the unit of time in our simulations
The period of the pulsed oscillatory external field is given
productRFS3N, whereRFS is the field sweep rate27 andN is
a number of MCSS. The applied oscillatory fieldH(t) being
updated after every MCSS according to Eq.~3!. Most simu-
lations were performed for a value ofRFS51 with N5240.
In all of the simulations, the initial spin configuration was
ferromagnetically ordered state withSi511 for all i and
H(t50)52H0. Data from the initial cycles of the pulse
oscillatory field were discarded to avoid the effects of init
transients on the period averages of the measured quan
which were taken over a sequence of full cycles.

Most simulation studies of magnetization switching in fe
romagnets have been based on the Monte Carlo method.
kinetic Ising model was the focus of most of these studi
but vector spin models with continuous degree of freed
were investigated.28–31 Now while the Monte Carlo method
is well established in the context of equilibrium systems
must be noted that no physical time is associated with e
trial. However, one MCSS corresponds to a series of rand
modifications of all the degrees of freedom of the syste
Thus if the time rate by which a real system can modify
of its degrees of freedom is known by some independ
argument, then the number of MCSS can be converted in
real time unit.32,33

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

Mz~ t !5
1

D (
n51

D

Mn
z~ t !, ~7!

where

Mn
z~ t !5

1

L2 ( Si
z~ t ! ~8!

is the time-dependentz-component of the magnetization fo
thenth layer of the film. The order parameterQ for the DPT
1-2



m

it

he

cle

r
r

ize
th
od

e

ne
m
io
ra

a-

ear
-
the

em
hase

ry

etic
he

se

ic-
the

ent
he
the
-

ing
r-

S.
tion,
ld
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~Ref. 10! is the period averaged magnetization over a co
plete cycle of the pulsed field defined by

Q5
v

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

The period averaged magnetization for thenth layer of the
film is given by

Qn5
v

2p R Mn
z~ t !dt. ~10!

The system exhibits a dynamically ordered phase w
uQu.0 and a dynamically disordered phase withQ50. To
provide further information on the location and nature of t
DPT, fluctuations of the order parameterx(Q)are measured
in the simulations with

x~Q!5L2D~^Q2&2^uQu&2!, ~11!

where^ & denotes the average over a sequence of full cy
with initial transients discarded, andL2D is the number of
spins in the system. Following Kornisset al.14 the absolute
order parameteruQu is used in the definition ofx(Q) since in
the dynamically ordered phase the probability density foQ
has peaks at both1Q and 2Q. Fluctuations in the orde
parameter for thenth layer of the film are quantified by

x~Qn!5L2~^Qn
2&2^uQnu&2!. ~12!

Fluctuations in the energy of the film,x(E), are monitored
with

x~E!5L2D~^E2&2^E&2!, ~13!

where E is the energy per spin for the system. Finite s
scaling analyses of the DPT make use of Binder’s four
order cumulant. The fourth-order cumulant for the peri
averaged magnetization,UL(Q), is defined as

UL~Q!512
^Q4&

3^Q2&2 . ~14!

Several groups have investigated the connection betw
the DPT and stochastic resonance~SR! in the kinetic Ising
model driven by an oscillatory external field.12,34,35Most no-
tably, double SR peaks have been observed,12,34,35one below
and the other above the DPT. In a recent study, Kimet al.35

argued that the appearance of double SR peaks is a ge
property of a system with a continuous DPT. Following Ki
et al.35 evidence of SR in the system under considerat
here is obtained from a measurement of the occupancy
QOR defined by

QOR5
v

2p R Mz~ t !
H~ t !

uH~ t !u
dt, ~15!

whereH(t)/uH(t)u is the sign of the external pulsed oscill
tory field.
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III. RESULTS

In this paper we have focused on a system with a bilin
exchange anisotropy ofL50.1. For this weak exchange an
isotropy the system is intermediate in character between
limiting Ising-like ~L51! and Heisenberg~L50! models. In
the absence of an applied oscillatory field, the bulk syst
displays a second order ferromagnetic-paramagnetic p
transition at a reduced temperatureTc* 5kBTc /J51.53,
wherekB is Boltzmann’s constant. In the thin film geomet
considered here with a film thicknessD512, the critical
temperature characterizing the ferromagnetic-paramagn
phase transition in the free film is lower than that for t
corresponding bulk system withTc* 51.51. When subject to
competing surface fields withh520.55, the thin film with
D512 exhibits an interface localization-delocalization pha
transition with a critical temperature ofTci* 51.12. This is
well below the critical temperature of the ferromagnet
paramagnetic phase transition for the bulk system and
free film.

A. Field amplitude dependence of the DPT

The magnetization of the film becomes time depend
when it is subject to an applied oscillatory external field. T
period averaged magnetization over a complete cycle of
pulsed oscillatory field,Q, characterizes the dynamic re
sponse of the film. First consider a film subject to compet
surface fields withh520.55 and a pulsed oscillatory exte
nal field with field sweep rateRFS51. This corresponds to a
period for the pulsed oscillatory external field of 240 MCS
Figure 1 shows the mean period averaged magnetiza
^Q&, as a function of the pulsed oscillatory external fie
amplitude,H0, at reduced temperatures ofT* 50.6, 1.0, and

FIG. 1. Period-averaged magnetization^Q&, as a function of the
pulsed oscillatory external field amplitudeH0 for temperaturesT*
50.6, 1.0, and 1.2.
1-3
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1.2. The quantitŷ Q& is determined from a sequence of fu
cycles with initial transients discarded. The error bars in
figure correspond to a standard deviation in the measu
values and are only visible when they exceed the size of
symbol. The lines in the figure are only to guide the eye.
all three temperatures, in equilibrium withH050, the sys-
tems are ferromagnetic. However, while the film display
localized interface in the magnetization profile at the low
temperatures (T* 50.6 and 1.0!, a delocalized interface is
found at the highest temperature (T* 51.2!. Note that the
equilibrium interface localization-delocalization phase tra
sition for a thin film withD512, h520.55, andL50.1 oc-
curs at a critical temperature ofTci* 51.12. It is immediately
apparent from Fig. 1 that the qualitative form of^Q& as a
function of H0 at the lower temperaturesT* 50.6 and 1.0 is
different from that at the highest temperatureT* 51.2. At
temperaturesT* 50.6 and 1.0, which are below the equilib
rium interface localization-delocalization phase transitio
the net magnetization of the film with competing surfa
fields is nonzero forH050 and as a result̂Q&Þ0 for H0
→0. However, at a temperatureT* 51.2, which is above the
interface localization-delocalization phase transition, the
magnetization of the film is zero whenH050 and so^Q&
50 asH0→0. At the lowerT* values,̂ Q& is monotonically
decreasing with increasingH0. But atT* 512, ^Q& initially
rises with increasingH0, before reaching a maximum an
then decreasing to zero. The DPT is characterized by
vanishing of the order parameterQ at a non-zero value o
H0. As T* increases, the location of the DPT shifts to low
values ofH0. At temperaturesT* 50.6, 1.0, and 1.2,̂Q&
vanishes at values ofH0'0.71, 0.32, and 0.19, respectivel
However, it is difficult to locate the DPT directly due to th
large fluctuations in̂ Q&, particularly for the highest tem
perature.

Time series for the period-averaged magnetizationQ(t),
at a temperatureT* 50.6, are shown in Fig. 2 for pulse
oscillatory external fields of amplitudeH050.3, 0.7, and 2.0.

FIG. 2. Time series of the period-averaged magnetization,Q(t),
at a temperatureT* 50.6 for pulsed oscillatory external field
amplitudesH050.3, 0.7, and 2.0.
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For H050.3, the film exhibits a dynamically ordered pha
with ^Q&Þ0, while for H052.0, thesystem is dynamically
disordered witĥ Q&50. But in both cases the mean value
the period averaged magnetization is stable with only sm
fluctuations from the mean over the time series. In sh
contrast, the time series forQ at H050.7 shows large fluc-
tuations about a mean value^Q&'0 over the whole time
series, indicating that the system is near the DPT. Sim
observations have been noted in studies of the DPT for
kinetic Ising model.14

The time dependence of thez component of the magneti
zation,Mz(t), at a temperatureT* 51.0, is shown in Fig. 3
for a pulses oscillatory external field of angular frequen
v52p/240 with amplitudes~a! H050.1, ~b! H050.3, and
~c! H051.0. The figure shows the result ofMz(t) for the
film over five consecutive cycles of the pulsed oscillato
external field. Solid lines in the figure show the respon
curveMz(t), while the dotted lines correspond to the drivin

FIG. 3. Dynamic response of thez component of the magneti
zation for the film,Mz(t), at a temperatureT* 51.0 to a pulsed
oscillatory external field with amplitudes~a! H050.1, ~b! H0

50.3, and~c! H051.0.
1-4
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DYNAMIC PHASE TRANSITIONS IN THIN . . . PHYSICAL REVIEW B67, 094411 ~2003!
field H(t). For H050.1 in Fig. 3~a!, the system is in a dy-
namically ordered state witĥQ&Þ0. Mz(t)has an oscilla-
tory form with the same angular frequency as the pul
oscillatory external fieldH(t). A qualitative difference in the
form of Mz(t) for sinusoidal16 and pulsed oscillatory exter
nal fields is immediately apparent, particularly for sm
driving field amplitudes. For the sinusoidal external field, t
Mz(t) curve is also sinusoidal. However for the pulsed o
cillatory external field,Mz(t) has a sawtooth form, while
H(t) is a square wave. In the pulsed oscillatory exter
field, following reversal of the applied field, there is an a
most linear decay of thez component of the magnetizatio
toward its equilibrium value in the reversed applied field.
as seen in Fig. 3~a!, the decay of the magnetization from th
metastable state is much slower than the frequency of
field reversal in the pulsed oscillatory external field, the p
riod averaged magnetization will take a nonzero value. T
almost linear decay of the magnetization from the metasta
state following field reversal results in a sawtooth form
Mz(t). However, if the period of the pulsed oscillatory e
ternal field is comparable to decay time of the metasta
magnetization state, as in Fig. 3~b!, the period averaged mag
netization tends to zero while the sawtooth form forMz(t) is
retained. Figure 3~c! shows that when the decay time of th
metastable magnetization state following field reversa
much shorter than the time between field reversals, the
has time to equilibrate after field reversal. Thus the form
the Mz(t) curve is much closer to the square wave of t
pulsed oscillatory external field.

More detailed information on the nature of the dynam
response of the film to the driving field is contained in Fig.
This shows a time-dependent layer magnetization across
film, Mn

z(t), over three consecutive cycles of the appli
oscillatory field with a frequencyf at a temperatureT*
51.0 for ~a! H050.1 and~b! H051.0. From Figs. 1 and 3
it can be seen that these correspond to systems~a! in the
dynamically ordered state and~b! in the dynamically disor-
dered state. For the film in a dynamically ordered state w
H050.1, Mn

z(t) in Fig. 4~a! shows a large, almost constan
nonzero value for the mean magnetization over the time
ries at both surfaces,n51 and 12. But whilê Mn

z& for n
51 and 12 are approximately equal, they are opposite
sign. This indicates that the effects of the pulsed oscillat
external field forH050.1 are much smaller than those of th
competing surface fields withuhu50.55. The spins in the
surface layers are ordered by the strong static surface fi
and are not disturbed by the weak oscillatory external fie
The interface between the regions of negative and pos
magnetization of the film moves back and forth in respo
to the oscillatory external field due to a coherent spin ro
tion of the spins in layersn52 – 5. The sawtooth form o
Mz(t) as in Fig. 3~a! arises from the dynamic response
Mn

z(t) in layersn52–5. The interface between the regions
positive and negative magnetization is located closer to la
n51 than layern512 as a result of the initial conditions o
the simulation. The positive value for^Mz(t)& in Fig. 3~a! is
a result of the positive time-averaged layer magnetization
layers n56–12. For the film in a dynamically disordere
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state withH051.0 shown in Fig. 4~b!, Mn
z(t) is almost uni-

form across the whole film. The uniform response of eve
layer of the film to the dominant oscillatory external fie
gives ^Q&50.

Figure 5 shows fluctuations of the order parameter,x(Q),
as a function of the pulsed oscillatory external field amp
tude,H0, for reduced temperatures ofT* 50.6, 1.0, and 1.2.
For T* 50.6 and 1.0,x(Q) displays a characteristic singl
large peak. By comparison with the corresponding results
Fig. 1, the location of the peak inx(Q) is seen to be close to
although just below, the DPT. However, forT* 51.2 no clear
peak inx(Q) is apparent. Instead,x(Q) is seen to be large
whenever̂ Q&Þ0. Further indication that the nature of th
DPT differs between films with localized and delocaliz
interfaces in the equilibrium state.

B. Temperature dependence of the DPT

The temperature dependence of the period averaged m
netization is shown in Fig. 6. for three amplitudes of t
pulsed oscillatory external field:H050.3, 0.55, and 1.0.
Driving fields whose magnitude is below, equal to and abo
that of the size of the surface fielduhu50.55. Error bars in
the figure correspond to a standard deviation in the meas
value and lines are only to guide the eye. Figure 6 shows

FIG. 4. Dynamic response of the layer magnetization across
film, Mn

z(t), at a temperatureT* 51.0 for pulsed oscillatory exter-
nal field amplitudes~a! H050.1 and~b! H051.0.
1-5
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for all three values ofH0, the system exhibits a DPT be
tween a dynamically ordered phase with^Q&Þ0 at low T*
and a dynamically disordered with^Q&50 at highT* . How-
ever, Tcd* , the critical temperature characterizing the DP
decreases with increasingH0 with Tcd* '1.02, 0.79, and 0.42
for the pulsed oscillatory external field amplitudes ofH0
50.3, 0.55, and 1.0, respectively. From the size of the e
bars in the figure it is clear that there are large fluctuation
^Q& near the DPT.

FIG. 5. Fluctuations of the order parameter,x(Q), as a function
of the amplitude of the pulsed oscillatory external field,H0, for
temperaturesT* 50.6, 1.0, and 1.2.

FIG. 6. Period-averaged magnetization^Q& as a function of the
temperatureT* for pulsed oscillatory external field amplitudes
H050.3, 0.55, and 1.0.
09441
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Figure 7 shows the fluctuations in the order parame
x(Q), as a function of the temperature for pulsed oscillato
external field amplitudes:H050.3, 0.55, and 1.0. In all case
there are distinct peaks inx(Q) that are located at the tem
peratures close to, but just below, the DPT. Behavior a
observed in Fig. 6.

C. Mixed state

Large fluctuations inQ close to the DPT arise from com
petition between the static surface fields and the pulsed
cillatory external field in the system. To isolate the surfa
effects, consider a surface order parameter for the fi
Qsurface, defined by

Qsurface5 1
2 ~Q11Q12!, ~16!

whereQ1 andQ12 are the order parameters of the layersn51
and 12 of the film. Similarly, we define a bulk order param
eter for the film,Qbulk, with

Qbulk5 1
2 ~Q61Q7!. ~17!

QsurfaceandQbulk are simply the mean of the period-averag
magnetization of the two surface and two central layers,
spectively. Figure 8~a! showŝ Qsurface& and^Qbulk& as a func-
tion of T* for H050.3. It is immediately clear from Fig. 8~a!
that the central region and the surfaces of the film both sh
DPTs. But the critical temperature for the DPT in the surfa
layers,Tcd* ~surface!, is not the same asTcd* ~bulk!, the criti-
cal temperature for the DPT in the bulk of the film. A com
parison of the results of Figs. 6 and 8 show th
Tcd* ~surface!,Tcd* , while Tcd* ~bulk!'Tcd* . Note however

FIG. 7. Fluctuations of the order parameter,x(Q), as a function
of temperatureT* for pulsed oscillatory external field amplitudes o
H050.3, 0.55, and 1.0.
1-6
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DYNAMIC PHASE TRANSITIONS IN THIN . . . PHYSICAL REVIEW B67, 094411 ~2003!
that the large fluctuations in̂Q& and ^Qbulk& near the DPT
make the accurate location of the DPT difficult in the
cases.

The form of the temperature dependence of the bulk or
parameter in Fig. 8~a! is qualitatively similar to that of the
order parameter for the whole film in Fig. 6. But the regi
of large fluctuations in the order parameter close to the D
is much smaller for the central region of the film than for t
whole film. The temperature dependence of the surface o
parameter is, however, significantly different. The DPT
the surface layers is much sharper and fluctuations in
surface order parameter in the vicinity of the DPT mu
smaller, a result of the pinning effects of the static surfa
fields. Figure 8~a! suggests that the DPT for the film wit
competing surface fields is a composite of a series of D
for different regions of the film each of which may have
different critical temperature. Thus for certain temperatu
one can expect some region of the film to be in a dyna
cally ordered state, while elsewhere there is a dynamic
disordered state. We shall refer to such films as being
mixed state.

FIG. 8. ~a! Surface order parameter^Qsurface&, and bulk order
parameter̂ Qbulk&, for the film, and~b! period-averaged magnetiza
tion for the nth layer of the film,^Qn&, as a function of the tem-
peratureT* , for a pulsed oscillatory external field amplitude
H050.3.
09441
er
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Figure 8~b! shows the temperature dependence of the
der parameter for thenth layer,Qn , across the whole film for
H050.3. At high temperatures,T* .Tcd* , the bulk of the
film is in a dynamically disordered state withQ50. Note
that as a result of the competing surface fields, then51
surface layer has a negative nonzero period averaged m
netization, while then512 surface layer has a positive no
zero period averaged magnetization. But the contribution
the n51 and 12 layers to the surface dynamic order para
eter are equal and opposite. SoQsurface50, and the surfaces
of the films can be regarded as being dynamically disorde
even thoughQ1Þ0 andQ12Þ0. The nonzero value of the
period averaged magnetization for then51and 12 layers is
not the result of dynamic order in response to the oscillat
driving field, but arises from the coupling of the spins to t
static surface field. As the temperature is reduce, the abso
value of the period averaged magnetization for the surf
layers increases as a result of the reduction in thermal di
der. There is a DPT in the bulk of the film atT* ;1.1 and for
T* ,Tcd* ~bulk! the bulk of the film is dynamically ordered
However, note that forT* ;Tcd* ~bulk!, the period averaged
magnetization of layersn51 and 12 remain equal and op
posite. So the surface of the film can be said to remain
namically disordered even though there is dynamic orde
the bulk of the film. As the temperature is reduced furth
the mixed state of the film persists until a DPT for the s
face layers occurs atT* ;0.8. For temperatures below this
the period-averaged magnetizations of both the surface l
have the same sign. As a result there is sharp change in
surface dynamic order parameter forT* 'Tcd* ~surface!. For
T* ,Tcd* ~surface! the applied surface fields are no long
able to maintain the coexistence of regions of positive a
negative net magnetization within the film. As a result
oscillatory driving field produces an almost uniform respon
of the whole film to the driving field. So only for tempera
turesT* ,Tcd* ~surface! does the surface of the film becom
dynamically ordered, and only forT* ,Tcd* ~surface! can the
whole of the film be said to be in a dynamically order
state. ForTcd* ~surface!,T* ,Tcd* ~bulk! the film is in a
mixed state where the dynamically ordered bulk of the fi
coexists with a dynamically disordered surface region.

Supplementary information on the mixed state and
bulk and surface DPTs in a thin film with competing surfa
fields is contained in Fig. 9. This shows the temperature
pendence of~a! fluctuations of period-averaged magnetiz
tion for thenth layer of the film,x(Qn), ~b! the mean period-
averaged absolute value of thez-component magnetization
for the film, ^uMzu&, and ~c! the mean period-average
occupancy ratiô QOR&, for H050.3. Figure 9~a! shows the
fluctuations in the layer order parameter for the two surfa
layersn51 and 12 and two central layersn56 and 7. Large
fluctuations in the period averaged magnetization for the s
face layers are only seen for layersn51 at temperatures cor
responding the surface DPT, whereas large fluctuations in
period-averaged magnetization for the central region of
film are seen at temperatures in the mixed state. Of not
Fig. 9~b! is the sharp change of^uMzu& at the surface DPT,
resulting from the change in sign of the period-averag
1-7
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magnetization for layern51. Figure 9~c! shows the mean
period-averaged occupancy ratio^QOR&. The most remark-
able feature of this figure is theabsenceof any significant
features for temperatures corresponding to the bulk and
face DPTs.

The fourth-order cumulant of the order parameterUL gen-
erally provides a strong indication of the nature of any u
derlying phase transition. For a continuous transition,UL
decays monotonically from 2/3 to zero as the system mo
from the ordered phase to the disordered phase. The inte
tion of UL as a function of the temperature for the variousL
gives an estimate of the critical temperature. However, fo
first-order transitionUL develops a deep minimum whos
location corresponds to the transition temperature. Figure
shows the fourth-order cumulant for the period-averag
magnetizationUL(Q), as a function of the temperatureT* ,
for lattice sizes ofL516, 32, and 64 withH050.3. The
form of UL(Q) is markedly different from that of the bulk

FIG. 9. ~a! Fluctuation of the period-averaged magnetization
the nth layer, x(Qn), ~b! period-averaged absolute value of th
z-component magnetization of the film,^uMzu&, and ~c! period-
averaged occupancy ratio^QOR&, as a function of the temperatur
T* , for a pulsed oscillatory external field amplitudeH050.3.
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kinetic Ising model,14,36,37and gives no evidence of a sing
DPT ~either first order or continuous! for the film in the
presence of competing surface fields.

D. Bulk and free film

For comparative purposes, the dynamic phase transit
in both the bulk system and the free film subject to the sa
applied oscillatory field were investigated. Both are syste
that have no surface fields (h50). For the bulk system, pe
riodic boundary conditions are applied in all direction
while for the free film the boundary conditions are the sa
as used for the film with competing surface fields, i.e., pe
odic boundary conditions in thex and y directions and free
boundary conditions in thez direction. Simulations for both
systems used a 32332312 simple cubic lattice, the sam
type and size of lattice as used in simulations of the film w
competing surface fields.

The temperature dependence of the period averaged m
netization is shown in Fig. 11 for three amplitudes of t
pulsed oscillatory external field:H050.3, 0.55, and 1.0. The
qualitative form of^Q& as a function ofT* is the same for
both the bulk system and the free film. At lowT* , ^Q&
Þ0, and the system is dynamically ordered, while a dyna
cally disordered state is found at highT* with ^Q&50. The
critical temperature characterizing the DPT,Tcd* , is seen to
be slightly lower for the free film than for the bulk system.
direct comparison of Fig. 11 with the results in Fig. 6 sho
that for all three amplitudes of the pulsed oscillatory exter
field the DPT is much sharper for the free film and the bu
system. It also shows thatTcd* is much smaller for the film
with competing surface fields.

Supplementary information on the DPT is presented
Fig. 12. ForH050.3 this shows:~a! the fluctuations of the
dynamic order parameter,x(Q), ~b! the fluctuations of the
energy,x(E), and ~c! the mean period averaged occupan
ratio ^QOR& as a function of the temperatureT* . Peak in
x(Q) andx(E) close to the DPT are immediately appare

f

FIG. 10. Fourth-order cumulant for the period-averaged mag
tization,UL(Q), as a function of the temperature,T* , with a pulsed
oscillatory external field amplitudeH050.3 for lattice sizes of
L516, 32, and 64.
1-8
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In Fig. 12~c! ^QOR& shows double stochastic resonan
peaks, one above and the other below the DPT. Beha
seen elsewhere in similar systems.34,35Figure 12~c! indicates
that the DPT for bulk system occurs atT* '1.30, while the
DPT for the free film is located atT* '1.28. These estimate
of the critical temperatures for the bulk and free film a
consistent with the temperature at which^Q& vanishes in
Fig. 11. It is interesting to note that no evidence of stocha
resonance at the DPT was observed for the thin film w
competing surface fields in Fig. 9~c!.

Finite-size scaling results for the bulk system are sho
in Fig. 13 for lattice sizes ofL516, 32, and 64 with a pulse
oscillatory external field of amplitudeH050.3. The form of
UL(Q) is consistent with a continuous DPT and the inters
tion of UL(Q) for the variousL is located atT* 51.29.
Close to other estimates for the location of the DPT fro
Figs. 11 and 12.

E. Frequency dependence

The dependence of the DPT in the film with competi
surface fields (h520.55) on the frequency of the applie
oscillatory field is presented in Fig. 14. This shows t
period-averaged magnetization,Q, as a function of field
sweep rate,RFS, at a temperatureT* 50.6 for pulsed oscil-
latory external fields of amplitudeH050.3 and 0.55. The
period of the pulsed oscillatory field is set to 2403 RFS
MCSS. Only integer values ofRFS are considered. At al
values ofH0, the film displays a dynamically ordered pha
with ^Q&Þ0 for smallRFS ~high-frequency oscillatory exter
nal fields!, while at largeRFS ~low-frequency oscillatory ex-
ternal fields! a dynamically disordered phase with^Q&50 is
found. The critical frequency characterizing the DPT for t

FIG. 11. Period-aveaged magnetization,^Q&, as a function of
the temperatureT* , for pulsed oscillatory external field amplitude
of H050.3, 0.55, and 1.0 in the free film with no surface fiel
~open symbols! and the bulk system~solid symbols!.
09441
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film decreases with decreasingH0. Since this work uses a
discrete set of frequencies for the driving field, only the ge
eral features of the frequency dependence of the DPT
found. More details of the frequency dependence of the D
in the kinetic Ising model are given elsewhere.14

Figure 15 shows results for the fluctuations in the fi
near the DPT. ForH050.3 andT* 50.6, the figure shows
the dependence on the field sweep rateRFS of ~a! the fluc-
tuations of the order parameter,x(Q), ~b! the fluctuations of
the energy,x(E), and ~c! the mean period averaged occ
pancy ratio,^QOR&. It is immediately clear thatx(Q) and
x(E) both show broad peaks atRFS57, while ^QOR& has a
minimum atRFS57. This is the value forRFS at which^Q&
vanishes in Fig. 14. Thus the critical frequency characte
ing the DPT is located atRFS57. No evidence of the mixed
state was observed for the discrete set of field frequen
used in this work. Notably in Fig. 15~c! ^QOR& yields a local
minimum at the DPT similar to results for the bulk and fr
film systems seen in Fig. 12~c!.

FIG. 12. ~a! Fluctuations of the order parameter,x(Q), ~b! fluc-
tuations of the energy,x(E), and ~c! the period-averaged occu
pancy ratio^QOR&, as a function of temperatureT* , for a pulsed
oscillatory external field amplitudeH050.3 in the free film with no
surface fields~open symbols! and the bulk system~solid symbols!.
1-9
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IV. CONCLUSION

The dynamic response of thin ferromagnetic Heisenb
films with competing surface fields to a pulsed oscillato
external field has been studied. The magnetic spins in
model are continuously orientable, but the bilinear excha
anisotropyL in the Heisenberg Hamiltonian ensures th
Ising-like characteristics are retained. At low temperatu
the competition between the ferromagnetic ordering tend
cies of the spins and the applied oscillatory field determi
the behavior of the film, which exhibits a dynamic pha
transition between dynamically ordered and dynamically d
ordered phases.

FIG. 13. Fourth-order cumulant for the period-averaged mag
tizationUL(Q), as a function of the temperatureT* , with a pulsed
oscillatory external field amplitudeH050.3 for lattice sizes of
L516, 32, and 64 in the bulk system. Inset is an enlargement of
cumulant crossing region.

FIG. 14. Period-averaged magnetization,^Q&, as a function of
the field sweep rate,RFS, at a temperatureT* 50.6 for pulsed
oscillatory external fields of amplitudeH050.3 and 0.55.
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rg

e
e
t
s
n-
s

-

The bulk and free film show a DPT where the syste
moves from a dynamically disordered phase withQ50 to a
dynamically ordered state whereuQu is nonzero. This dy-
namically ordered state can be of either positive or nega
net magnetization, i.e., either1Q or 2Q, the one selected
depending on the initial conditions and random number
quence of the simulation. While the system can fluctu
between the positive and negative magnetization states
two states will not coexist at the same time in a small syste
As a result the DPT is associated with stochastic resona
in the system.

In the film with competing surface fields, the dynam
response of the film is markedly different from the free film
A DPT is observed, but at a lower temperature or field a
plitude, and fluctuations of the order parameter in the vic
ity of the DPT are much greater. These are a result of
interplay of the static surface fields with ferromagnetic o
dering of the spins and the driving force of the oscillato

e-

e

FIG. 15. ~a! Fluctuations of the order parameter,x(Q), ~b!
fluctuations of the energy,x(E), and~c! the period-averaged occu
pancy ratio,̂ QOR&, as a function of the field sweep rate,RFS, at a
temperatureT* 50.6 for a pulsed oscillatory external field ampl
tudeH050.3.
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external field. The competing surface fields pin the magn
zation of the surface layers and at low temperatures loca
the interface between regions of positive and negative m
netization near one surface of the film. In the presence o
external driving field, this leads to a coexistence of dyna
cally ordered and dynamically disordered states within
film. As a result the DPT occurs at different temperatures
different regions of the film. Only at very low temperatur
does the dynamic response of the whole film become
form. Thus the DPT for the film with competing surfac
fields is a composite of DPTs for different regions of the fi
spread over a range of temperature. Finite-size scaling re
e
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for the fourth-order cumulant for the period-averaged m
netizationUL(Q) show that for the films with competing
surface fields there is no evidence of a single DPT~either
first order or continuous! in the film. In contrast, finite-size
scaling results forUL(Q) give us clear evidence of the DP
in the cumulant crossing for the bulk system and the f
film. Furthermore there is no evidence of stochastic re
nance in the film with competing surfaces. This is in mark
contrast to the observation of double stochastic resona
peaks about the DPT for the free film and corresponding b
system.
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