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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 anisotrdpyn 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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[. INTRODUCTION ferromagnetic films with competing surface fields, the form
of the time-dependent layer magnetization across the film
The lag in the response of the magnetization for a ferroshowed that dynamically ordered and dynamically disor-
magnet subject to a time-dependent oscillatory external drivdered phases could coexist within the film with the dynami-
ing field H(t) is a well-known example of hysteresis. The cally disordered phase localized at one surface.
delay is the result of a competition between the two time Finite-size effects in thin films arising from both confine-
scales that characterize the non-equilibrium system, nameinent and surface modification give rise to a variety of equi-
the period of the applied oscillatory field and the responséibrium phase behaviors that are not observed in the bulk
time of the magnetization. In general, the form of the hystermaterials. Of special interest are thin films with competing
esis curve for a ferromagnet is a function of the temperaturgyrface fields, namely, films with surface anisotropies in the
as well as the amplitude and frequency of applied oscillatoryjrection perpendicular to the plane of the film that favor a
external field. But of particular interest is the dynamic phasepositive magnetization at one surface and a negative magne-
transition (DPT) observed in the hysteretic response of fer-(; ation at the other surface. Binder and co-work&”Phave
romagnets while the period averaged magnetizal@asses 5 4e an extensive study of the thin ferromagnetic Ising film

from a dynamically ordgred state wifd|>0 to a dynami- with competing surface forces and shown that the properties

Cal_llyhg'sf?édireer?csitr? delltEId: gm litude dependences of th of the interface localization-delocalization transition are dis-

hysteretic gehav?:)r in ferromagn%ts were eE(tensiver studiegnCt fr_om both the bu_Ik ferrom_a_lgne_tic-par_a_mggnetic phase
ransition and the wetting transition in semi-infinite systems.

both experimentalfy* and theoretically=** For the two- Compl ) i hin fic Heiserb
dimensional kinetic Ising model below its equilibrium criti- ompiementary studies on thin 1erromagnetic reisenberg

. . . 2
cal temperature, a finite-size scaling analysis of large-scaliMs With competing surface forc8s*” have shown that the

Monte Carlo simulations has shown that the DPT is in thePresence of an interface localization-delocalization transition
same universality class as the equilibrium Ising md@@he is not rgstricted to discrete state models, but ?s also foun_d in
result was confirmed in a recent study of a time-dependeri@gnetic systems where the spins are continuously orient-
Ginzburg-Landau model in an oscillatory fiefd. able, albeit with some degree of uniaxial anisotropy.

The kinetic Ising model is a conceptually simple model In this paper, we investigate the dynamic phase behavior
with which to investigate the dynamic behavior of of thin ferromagnetic films within the anisotropic Heisenberg
ferromagnet$* Furthermore, it can provide a good repre- model subject to a pulsed oscillatory external field. The in-
sentation of uniaxial ferromagnets in which magnetizationclusion of competing surface fields allows the magnetization
reversal proceeds by nucleation and domain wall motion, budlistribution within the film to be controlled and its interplay
cannot account for magnetic relaxation processes such as théth the driving force provided by the applied oscillatory
coherent rotation of spins. This requires a spin model witHield to be studied. The temperature, field amplitude, and
continuous degrees of freedom such as the classical Heisefiequency dependence of the dynamic response have been
berg model in which the magnetic spins can rotate througlinvestigated by Monte Carlo simulation, extending an clari-
all possible orientations. The dynamic phase behavior of théying an earlier study of thin ferromagnetic films in a sinu-
anisotropic Heisenberg spin system in an applied sinusoidaloidal oscillatory field® While the principal focus of this
oscillatory field was the subject of a recent std@iffhe in-  work is on films with competing surface fields, for compara-
clusion of a bhilinear exchange anisotropy in the model tive purposes the results for free film{gvithout surface
Hamiltonian gives the system Ising-like characteristics whilefields) and the corresponding bulk systems are also pre-
allowing the magnetic spins to orient continuously. The DPTsented.
was studied as a function of the field amplitude, temperature, In the following section a full description of the model is
and the frequency of the applied oscillatory field. For thingiven together with the details of the Monte Carlo simulation
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method. Section Il contains the results of the simulationsand the Hamiltonian for the system can be written as

and is divided into five subsections. Section Il A focuses on

the role of pulsed oscillatory external field amplitude, while —a z_ z| _ 2

the effects of temperature are presented in Sec. IlIB. The HU=Ho=h iesu%amsl ies%acg S H(t)zi S

mixed state found in thin films with competing surface fields (6)

is investigated in Sec. Il C. For the purposes of comparison ] .

the corresponding results for the free film with no surface A film thicknessD =12 was used throughout. The value
fields and a bulk system are given in Sec. Ill D. The depen®f D=12 corresponds to the crossover regime between wall

applied oscillatory field is discussed in Sec. Il E. The paperilms it is difficult to distinguish between “interface” and
closes with a conclusion. “bulk” phases in the film, since all layers of the film feel the

effect of the competing surface fields rather strongly. While

for thicker films the surfaces of the film only interact close to

the bulk critical point. Unless otherwise stated, the results

The Hamiltonian for the classical Heisenberg model withreported here are for lattices of site=32. However no

a bilinear exchange anisotropy can be written & significant differences were found for lattices with=64
and 128 at non-critical values éf;, , andT. The Metropo-

(1) lis algorithn?* was used in Monte Carlo simulations with
trial configurations were generated by the rotation of a ran-

domly selected spin through a random angular displacement

about on thex,y, andz axes chosen at randofm?® A se-

quence of sizd XL XD trials comprises on Monte Carlo

step per spifMCSS), the unit of time in our simulations.

Il. MODEL

Ho=—32, [(1-A)(SS+I'S) +5s7],
(ihj)

where S=(S',5,S) is a unit vector representing thth
spin and the notatiofi,j) means that the sum is restricted to
nearest-neighbor pairs of spinkis a coupling constant char-

acterizing the magnitude of the exchange inter:%c}tion and fofhe period of the pulsed oscillatory external field is given by
ferromagnets)>0. Following Binder and Landatf, A de- . oq,ctR_x N, whereRes s the field sweep ratéandN is
termines the strength of the bilinear exchange anisotropy angd |, | ber of MCSS. The applied oscillatory fig{t) being

is only applied to thex andy components of the spin. In the updated after every MCSS according to Eg). Most simu-
isotropic limit, A=0, the model reduces to the familiar clas- ;iions were performed for a value Bl-g=1 with N=240

sical Heisenberg model, while fot=1, the Hamiltonian be- In all of the simulations, the initial spin configuration was a

comes Ising-like. . . . ferromagnetically ordered state with=+1 for all i and
. The _system under c_onS|deraF|on .here IS a threeH(t=0)=—H0. Data from the initial cycles of the pulses
ﬂgqn?irl]tsolr?gart: thin planar film of finite thickneds with a oscillatory field were discarded to avoid the effects of initial
transients on the period averages of the measured quantities
which were taken over a sequence of full cycles.
H(t)=Ho— >, Hi-S— > Hp-S—H()D . Most simulation studies of magnetization switching in fer-
i < surfacel i < surfac® i romagnets have been based on the Monte Carlo method. The
2 kinetic Ising model was the focus of most of these studies,

H, andHp, are the static applied surface fields, and the timebut vector spin models with continuous degree of freedom

dependent oscillatory external fiekd(t) is taken to have a Were investigated®~>' Now while the Monte Carlo method
pulsed form with is well established in the context of equilibrium systems, it
must be noted that no physical time is associated with each
2(k—=1)m (2k—=1)m trial. However, one MCSS corresponds to a series of random
—Ho, <ts o modifications of all the degrees of freedom of the system.
H(t)= (3)  Thus if the time rate by which a real system can modify all
Ho, (2k— 1)7T<t < 2k of its degrees of freedom is known by some independent
) w ' argument, then the number of MCSS can be converted into a
whereH, is the amplitudew is the angular frequency of the real time unit*>
0 p it 9 q y The time-dependent magnetic order of the film is charac-

oscnlatory external field, andk(k=1,2,3,...) IS an integer terized by thez-component of the magnetization for the film,
representing the number of periods of the pulsed oscillatory

external field. The model film is a simple lattice of size 10

XLXD, in units of the lattice spacing. Periodic boundary Mz(t)=52 MZ(t), (7)
conditions are applied in threandy directions. Free bound- n=1

ary conditions are applied in thedirection that is of finite  \yhere

thicknessD. The system is subject to competing applied sur-

face fields in layersi=1 andn=D of the film with , 1 ,
MAD =172 St ®
Hl: hiﬁil, (4)
is the time-dependerztcomponent of the magnetization for
Hp=—hzdp, (5)  thenth layer of the film. The order paramet@rfor the DPT
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(Ref. 10 is the period averaged magnetization over a com- 1.0 pr—r
plete cycle of the pulsed field defined by F

Q=am § M0t ©

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

PITE WY N

A
Q
w z

Q”:_zw ﬂg M?(t)dt. (10) v

The system exhibits a dynamically ordered phase with
|Q|>0 and a dynamically disordered phase wik-0. To
provide further information on the location and nature of the
DPT, fluctuations of the order paramegfQ)are measured
in the simulations with

x(Q)=L?D((Q%»—(|Q])?), (11)

where() denotes the average over a sequence of full cycles
with initial transients discarded, and’D is the number of
spins in the system. Following Kornigg all* the absolute
order parametgiQ| is used in the definition of(Q) since in
the dynamically ordered phase the probability densityQor
has peaks at both-Q and —Q. Fluctuations in the order Il RESULTS
parameter for thath layer of the film are quantified by

sl ool

FIG. 1. Period-averaged magnetizati@®), as a function of the
pulsed oscillatory external field amplitud€, for temperature§™*
=0.6, 1.0, and 1.2.

In this paper we have focused on a system with a bilinear
x(Qn)=L2((Q3—(|Qn)?). (12  exchange anisotropy of =0.1. For this weak exchange an-
isotropy the system is intermediate in character between the
Fluctuations in the energy of the filny(E), are monitored |imiting Ising-like (A=1) and HeisenbergA =0) models. In
with the absence of an applied oscillatory field, the bulk system
displays a second order ferromagnetic-paramagnetic phase
X(E)=L?D((E*)—(E)?) (13 transition at a reduced temperatufie =kgT./J=1.53,
wherekg is Boltzmann’s constant. In the thin film geometry
considered here with a film thickne€3=12, the critical
temperature characterizing the ferromagnetic-paramagnetic
phase transition in the free film is lower than that for the
corresponding bulk system wiffi; =1.51. When subject to
Q% competing surface fields with=—0.55, the thin film with
(Q)=1—5—> (14 D =12 exhibits an interface localization-delocalization phase
3(Q%) transition with a critical temperature &fy;=1.12. This is
well below the critical temperature of the ferromagnetic-

Several groups have investigated the connection betwee&tl.amagnetic phase transition for the bulk system and the
the DPT and stochastic resonanl&R) in the kinetic Ising free film.

model driven by an oscillatory external fielti>***Most no-
tably, double SR peaks have been obse?éd>°one below
and the other above the DPT. In a recent study, Kinal
argued that the appearance of double SR peaks is a generic The magnetization of the film becomes time dependent
property of a system with a continuous DPT. Following Kim when it is subject to an applied oscillatory external field. The
et al®® evidence of SR in the system under consideratiorperiod averaged magnetization over a complete cycle of the
here is obtained from a measurement of the occupancy ratipulsed oscillatory field,Q, characterizes the dynamic re-
QC°R defined by sponse of the film. First consider a film subject to competing
surface fields witth=—0.55 and a pulsed oscillatory exter-
OR_ nal field with field sweep rat®rs=1. This corresponds to a
Q o % AT |H(t dt, (15) period for the pulsed oscillatory external field of 240 MCSS.
Figure 1 shows the mean period averaged magnetization,
whereH (t)/|H(t)] is the sign of the external pulsed oscilla- (Q), as a function of the pulsed oscillatory external field
tory field. amplitude H,, at reduced temperatures Bf =0.6, 1.0, and

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

A. Field amplitude dependence of the DPT
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FIG. 2. Time series of the period-averaged magnetizat), = OSRREIERNE R SR N SRR ]

at a temperaturel* =0.6 for pulsed oscillatory external field -0.5 — . —
amplitudesH,=0.3, 0.7, and 2.0. N i

1.2. The quantity Q) is determined from a sequence of full ig e e
cycles with initial transients discarded. The error bars in the : 5'(C')1£[O'='1,b,' =10 T
figure correspond to a standard deviation in the measurec LOE e e e e e
values and are only visible when they exceed the size of the A LA A A A
symbol. The lines in the figure are only to guide theeye. At = 058K [ i\ [/ A [ & [ &[4
all three temperatures, in equilibrium with,=0, the sys- = A AL W A Y N N N N
tems are ferromagnetic. However, while the film displays a = 0.0 20 i Y ; RN
localized interface in the magnetization profile at the lower EN 05 _U U : U } \/ : \\/ E
temperatures T* =0.6 and 1.0, a delocalized interface is TEY Y Y Y Y]
found at the highest temperatur@*(=1.2). Note that the ) 1 U OOV SO S OO S OO
equilibrium interface localization-delocalization phase tran- "

sition for a thin film withD=12, h=—0.55, andA=0.1 oc- A b e e L L L

curs at a critical temperature @f;=1.12. It is immediately 228 230 232 234 236 238 240

apparent from Fig. 1 that the qualitative form @) as a +(MCSS x 10°
function ofH at the lower temperaturés* =0.6 and 1.0 is (MC )
different from that at the highest temperaturé=1.2. At FIG. 3. Dynamic response of tliecomponent of the magneti-

temperature§™* =0.6 and 1.0, which are below the equilib- zation for the film,M(t), at a temperaturd* =1.0 to a pulsed
rium interface localization-delocalization phase transition,oscillatory external field with amplitudeg) Hy=0.1, (b) H,
the net magnetization of the film with competing surface=0.3, and(c) H,=1.0.

fields is nonzero foH,=0 and as a resulfQ)#0 for Hqy B _ - .
—.0. However, at a temperatufé = 1.2, which is above the For Hy=0.3, the film exhibits a dynamically ordered phase

interface localization-delocalization phase transition, the nef/ith (Q)#0, while forHo=2.0, thesystem is dynamically
magnetization of the film is zero wheo=0 and so(Q) disordered withlQ)=0. But in both cases the mean value of

o " . . the period averaged magnetization is stable with only small
;O asHp—>O._t¢;t_the lowerT \éaI;Jets_,lg*QZ |1$2monot_o_r:!c‘|al1lly fluctuations from the mean over the time series. In sharp
ecreasing with increasirlgo. But atT* =12, (Q) initially contrast, the time series f@ at Hy=0.7 shows large fluc-

rises with increasingio, before reaching a maxir_num and y,ations about a mean valy®)~0 over the whole time
then decreasing to zero. The DPT is characterized by thegries, indicating that the system is near the DPT. Similar
vanishing of the order parametq at a non-zero value of gpservations have been noted in studies of the DPT for the
Ho. As T* increases, the location of the DPT shifts to lower kinetic Ising model*
values ofH,. At temperaturesT*=0.6, 1.0, and 1.2(Q) The time dependence of tlrecomponent of the magneti-
vanishes at values ¢1,~0.71, 0.32, and 0.19, respectively. zation,M,(t), at a temperatur&* =1.0, is shown in Fig. 3
However, it is difficult to locate the DPT directly due to the for a pulses oscillatory external field of angular frequency
large fluctuations in(Q), particularly for the highest tem- »=2=/240 with amplitudega) Hy,=0.1, (b) H,=0.3, and
perature. (¢c) Hy=1.0. The figure shows the result & ,(t) for the
Time series for the period-averaged magnetiza@qm), film over five consecutive cycles of the pulsed oscillatory
at a temperatur@* =0.6, are shown in Fig. 2 for pulsed external field. Solid lines in the figure show the response
oscillatory external fields of amplitudé,=0.3, 0.7, and 2.0. curveM (t), while the dotted lines correspond to the driving
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field H(t). ForHy=0.1 in Fig. 3a), the system is in a dy-
namically ordered state withQ)#0. M,(t)has an oscilla-
tory form with the same angular frequency as the pulsed
oscillatory external fieldH (t). A qualitative difference in the
form of M(t) for sinusoidal® and pulsed oscillatory exter- N~
nal fields is immediately apparent, particularly for small (@) 0 N
driving field amplitudes. For the sinusoidal external field, the M,
M,(t) curve is also sinusoidal. However for the pulsed os-
cillatory external field,M,(t) has a sawtooth form, while

H(t) is a square wave. In the pulsed oscillatory external
field, following reversal of the applied field, there is an al-
most linear decay of the component of the magnetization
toward its equilibrium value in the reversed applied field. If,

as seen in Fig. (@), the decay of the magnetization from the t
metastable state is much slower than the frequency of the
field reversal in the pulsed oscillatory external field, the pe-
riod averaged magnetization will take a nonzero value. The
almost linear decay of the magnetization from the metastable
state following field reversal results in a sawtooth form for
M,(t). However, if the period of the pulsed oscillatory ex-
ternal field is comparable to decay time of the metastable
magnetization state, as in Figb3, the period averaged mag-
netization tends to zero while the sawtooth form ffiby(t) is
retained. Figure &) shows that when the decay time of the
metastable magnetization state following field reversal is
much shorter than the time between field reversals, the film
has time to equilibrate after field reversal. Thus the form of
the M,(t) curve is much closer to the square wave of the
pulsed oscillatory external field.

More detailed information on the nature of the dynamic  FIG. 4. Dynamic response of the layer magnetization across the
response of the film to the driving field is contained in Fig. 4.film, M(t), at a temperatur&* = 1.0 for pulsed oscillatory exter-
This shows a time-dependent layer magnetization across thel field amplitudega) H,=0.1 and(b) Hy=1.0.
film, MZ(t), over three consecutive cycles of the applied

oscillatory field with a frequencyf at a temperaturelr* state withH,= 1.0 shown in Fig. &), M?(t) is almost uni-
=1.0 for(a) Hyp=0.1 and(b) Hy=1.0. From Figs. 1 and 3, form across the whole film. The uniform response of every
it can be seen that these correspond to syst@n the  |ayer of the film to the dominant oscillatory external field
dynamically ordered state artl) in the dynamically disor- gives(Q)=0.

dered state. For the film in a dynamically ordered state with Figure 5 shows fluctuations of the order paramegé®),
Ho=0.1, M{(t) in Fig. 4@ shows a large, almost constant, as a function of the pulsed oscillatory external field ampli-
nonzero value for the mean magnetization over the time seude,H,, for reduced temperatures ot =0.6, 1.0, and 1.2.
ries at both surfacesy=1 and 12. But while(M7) for n For T*=0.6 and 1.0,x(Q) displays a characteristic single
=1 and 12 are approximately equal, they are opposite itarge peak. By comparison with the corresponding results of
sign. This indicates that the effects of the pulsed oscillatoryFig. 1, the location of the peak in(Q) is seen to be close to,
external field fotH,=0.1 are much smaller than those of the although just below, the DPT. However, f6f =1.2 no clear
competing surface fields witth|=0.55. The spins in the peak inx(Q) is apparent. Insteagy(Q) is seen to be large
surface layers are ordered by the strong static surface fieldghenever(Q)+0. Further indication that the nature of the
and are not disturbed by the weak oscillatory external fieldDPT differs between films with localized and delocalized
The interface between the regions of negative and positivinterfaces in the equilibrium state.

magnetization of the film moves back and forth in response
to the oscillatory external field due to a coherent spin rota-
tion of the spins in layeri=2-5. The sawtooth form of
M,(t) as in Fig. 3a) arises from the dynamic response of = The temperature dependence of the period averaged mag-
M?(t) in layersn=2-5. The interface between the regions of netization is shown in Fig. 6. for three amplitudes of the
positive and negative magnetization is located closer to layegpulsed oscillatory external fieldH,=0.3, 0.55, and 1.0.
n=1 than layem=12 as a result of the initial conditions of Driving fields whose magnitude is below, equal to and above
the simulation. The positive value fM (1)) in Fig. 3@ is  that of the size of the surface fielt| =0.55. Error bars in

a result of the positive time-averaged layer magnetization ofhe figure correspond to a standard deviation in the measured
layers n=6-12. For the film in a dynamically disordered value and lines are only to guide the eye. Figure 6 shows that

() H,=0.1, T*=1.0

B. Temperature dependence of the DPT
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FIG. 5. Fluctuations of the order parametetQ), as a function FIG. 7. Fluctuations of the order parametefQ), as a function
of the amplitude of the pulsed oscillatory external fietty, for of temperaturd™ for pulsed oscillatory external field amplitudes of
temperature§* =0.6, 1.0, and 1.2. Hy=0.3, 0.55, and 1.0.

for all three values oH,, the system exhibits a DPT*be— Figure 7 shows the fluctuations in the order parameter,
ween a dy”{im'ca”Y ordered phase M@>¢_O at*lowT x(Q), as a function of the temperature for pulsed oscillatory
and a ‘{y”am'ca'!Y disordered wifQ) =0 at highT*. How-  Gyiarna) field amplitudesdd,= 0.3, 0.55, and 1.0. In all cases
ever, T, the critical temperature characterizing the DPT,ere gare distinct peaks ip(Q) that are located at the tem-
decreases with increasidy, with T¢=~1.02, 0.79, and 0.42 peratures close to, but just below, the DPT. Behavior also
for the pulsed oscillatory external field amplitudes t§ observed in Fig. 6.
=0.3, 0.55, and 1.0, respectively. From the size of the error
bars in the figure it is clear that there are large fluctuations in )
(Q) near the DPT. C. Mixed state
Large fluctuations irQ close to the DPT arise from com-
petition between the static surface fields and the pulsed os-
cillatory external field in the system. To isolate the surface
effects, consider a surface order parameter for the film,
3 Qsutace defined by

1.0
0.9
0.8 F

0.7 F

E QsHrace= 1(Q, +Qy), (16)

0.6k
whereQ, andQ,, are the order parameters of the layetsl

4

é) 0.5 4 and 12 of the film. Similarly, we define a bulk order param-
v : eter for the film,Q®"% with
04 F
03 L Q™*=3(Qs+ Q). 17)
02k Qsuaceand QU are simply the mean of the period-averaged
magnetization of the two surface and two central layers, re-
0.1 spectively. Figure @) shows(Q%'"§ and(Q"") as a func-
00 ; tion of T* for Hy=0.3. It is immediately clear from Fig.(8)

that the central region and the surfaces of the film both show
DPTs. But the critical temperature for the DPT in the surface
layers,T%, (surface, is not the same &aE4 (bulk), the criti-

FIG. 6. Period-averaged magnetizati@) as a function of the ~ cal temperature for the DPT in the bulk of the film. A com-

temperatureT* for pulsed oscillatory external field amplitudes of parison of the results of Figs. 6 and 8 show that
Hy=0.3, 0.55, and 1.0. Tiy(surface<Tyy, while T3 (bulk)~T%,. Note however

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
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Figure 8b) shows the temperature dependence of the or-

1'0‘3 '(;x')'fll(;;é.'i”'w o rom ] der parameter for theth layer,Q,,, across the whole film for
0.9¢ - Ho=0.3. At high temperaturesI* >T%,, the bulk of the
038 : _ film is in a dynamically disordered state with=0. Note
F 1 that as a result of the competing surface fields, tivel
0.7 F 3 surface layer has a negative nonzero period averaged mag-
§/\ C <@ ] netization, while then=12 surface layer has a positive non-
"oy RAf E zero period averaged magnetization. But the contribution of
X“ o5 E 3 then=1 and 12 layers to the surface dynamic order param-
S : eter are equal and opposite. §5""™=0, and the surfaces
%} 04 — E of the films can be regarded as being dynamically disordered
v E . 1 even thoughQ;#0 andQq,#0. The nonzero value of the
s E period averaged magnetization for the-1and 12 layers is
0o b o E not the result of dynamic order in response to the oscillatory
F ] driving field, but arises from the coupling of the spins to the
01f 3 static surface field. As the temperature is reduce, the absolute
ST W L || value of the period averaged magnetization for the surface
0'00.3 04 05 06 07 08 09 10 11 12 13 14 layers increases as a result of the reduction in thermal disor-

der. There is a DPT in the bulk of the film &t ~1.1 and for
T* <T%, (bulk) the bulk of the film is dynamically ordered.
However, note that fol* ~TZ, (bulk), the period averaged
magnetization of layera=1 and 12 remain equal and op-
posite. So the surface of the film can be said to remain dy-
namically disordered even though there is dynamic order in
the bulk of the film. As the temperature is reduced further,
the mixed state of the film persists until a DPT for the sur-
face layers occurs &t* ~0.8. For temperatures below this,
the period-averaged magnetizations of both the surface layer
have the same sign. As a result there is sharp change in the
surface dynamic order parameter ot ~ T}, (surface. For
T* <Tg4 (surface the applied surface fields are no longer
able to maintain the coexistence of regions of positive and

FIG. 8. (a) Surface order parametéQ™s  and bulk order neg.ative net magrjetization within the film. As a result an
parametet Q®), for the film, and(b) period-averaged magnetiza- oscillatory drlv_lng field produ_ces an almost uniform response
tion for the nth layer of the film,(Q,), as a function of the tem- ©Of the whole film to the driving field. So only for tempera-
peratureT*, for a pulsed oscillatory external field amplitude of turesT* <Tg, (surface does the surface of the film become
Ho=0.3. dynamically ordered, and only fa* <T%, (surface can the

. ] bulk whole of the film be said to be in a dynamically ordered

that the large fluctuations i(Q) and(Q™"™) near the DPT  giate. ForT* (surface<T* <T%, (bulk) the film is in a
make the accurate location of the DPT difficult in thesemixed state where the dynamically ordered bulk of the film
cases. coexists with a dynamically disordered surface region.

The form of the temperature dependence of the bulk order g, \splementary information on the mixed state and the
parameter in Fig. @) is quahtatl_vely_ S'm'lar to that of th_e bulk and surface DPTs in a thin film with competing surface
order parameter for the whole film in Fig. 6. But the region ields is contained in Fig. 9. This shows the temperature de-

of large fluctuations in the order parameter close to the DP . . ;
is much smaller for the central region of the film than for the endence ofa) fluctuations of period-averaged magnetiza

whole film. The temperature dependence of the surface ordé'rOn for thenth layer of the film,x(Qy), (b) the mean p_erlo_d-
parameter is, however, significantly different. The DPT for@veraged absolute value of tzecomponent magnetization
the surface layers is much sharper and fluctuations in thfPr the film, <_|Mz(|)>' and (c) the mean period-averaged
surface order parameter in the vicinity of the DPT muchoccupancy ratiqQ R), for Ho=0.3. Figure @a) shows the
smaller, a result of the pinning effects of the static surfacéluctuations in the layer order parameter for the two surface
fields. Figure 8a) suggests that the DPT for the film with layersn=1 and 12 and two central layens=6 and 7. Large
competing surface fields is a composite of a series of DPT8uctuations in the period averaged magnetization for the sur-
for different regions of the film each of which may have aface layers are only seen for layers 1 at temperatures cor-
different critical temperature. Thus for certain temperaturesesponding the surface DPT, whereas large fluctuations in the
one can expect some region of the film to be in a dynamiperiod-averaged magnetization for the central region of the
cally ordered state, while elsewhere there is a dynamicall§ilm are seen at temperatures in the mixed state. Of note in
disordered state. We shall refer to such films as being in &ig. 9b) is the sharp change &fM,|) at the surface DPT,
mixed state. resulting from the change in sign of the period-averaged
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: ] T
A 06 N
§N L y FIG. 10. Fourth-order cumulant for the period-averaged magne-
vV o04fF - tization,U (Q), as a function of the temperatuf®;, with a pulsed
L ] oscillatory external field amplitudéi;=0.3 for lattice sizes of
02 b < L=16, 32, and 64.
020 b b b e L] kinetic Ising model*2®37and gives no evidence of a single
(o) ] DPT (either first order or continuolifor the film in the
0.15 A presence of competing surface fields.
L 010 ]
og] C 1 D. Bulk and free film
V' 005 7 For comparative purposes, the dynamic phase transitions
& ] in both the bulk system and the free film subject to the same
0.00 - 7 applied oscillatory field were investigated. Both are systems
. ] that have no surface fielda€0). For the bulk system, pe-
-0.05 b L L L riodic boundary conditions are applied in all directions,
06 08 1.0 1.2 1.4 1.6 while for the free film the boundary conditions are the same

T* as used for the film with competing surface fields, i.e., peri-
odic boundary conditions in the andy directions and free
FIG. 9. () Fluctuation of the period-averaged magnetization of Poundary conditions in the direction. Simulations for both
the nth layer, x(Q,), (b) period-averaged absolute value of the Systems used a 322x12 simple cubic lattice, the same
z-component magnetization of the f||n<|l|\/|z|>, and (c) period- type and size of lattice as used in simulations of the film with
averaged occupancy rati@°®), as a function of the temperature competing surface fields.
T*, for a pulsed oscillatory external field amplituttig=0.3. The temperature dependence of the period averaged mag-
netization is shown in Fig. 11 for three amplitudes of the

magnetization for layen=1. Figure 9c) shows the mean Ppulsed oscillatory external fielti,=0.3, 0.55, and 1.0. The
period-averaged occupancy ratiQ®?). The most remark- qualitative form of(Q) as a function ofT* is the same for
able feature of this figure is thebsenceof any significant both the bulk system and the free film. At low*, (Q)
features for temperatures corresponding to the bulk and suf 0, and the system is dynamically ordered, while a dynami-
face DPTSs. cally disordered state is found at high with (Q)=0. The
The fourth-order cumulant of the order paramédergen-  critical temperature characterizing the DFIEy, is seen to
erally provides a strong indication of the nature of any un-be slightly lower for the free film than for the bulk system. A
derlying phase transition. For a continuous transitibp,  direct comparison of Fig. 11 with the results in Fig. 6 shows
decays monotonically from 2/3 to zero as the system movethat for all three amplitudes of the pulsed oscillatory external
from the ordered phase to the disordered phase. The intersdield the DPT is much sharper for the free film and the bulk
tion of U, as a function of the temperature for the varidus system. It also shows that}, is much smaller for the film
gives an estimate of the critical temperature. However, for avith competing surface fields.
first-order transitionU, develops a deep minimum whose  Supplementary information on the DPT is presented in
location corresponds to the transition temperature. Figure 1Big. 12. ForH,=0.3 this shows{a) the fluctuations of the
shows the fourth-order cumulant for the period-averagediynamic order parameteg(Q), (b) the fluctuations of the
magnetizatiorlJ (Q), as a function of the temperatufé , energy,x(E), and(c) the mean period averaged occupancy
for lattice sizes ofL=16, 32, and 64 wittH,=0.3. The ratio (Q°%) as a function of the temperatufie*. Peak in
form of U (Q) is markedly different from that of the bulk x(Q) andx(E) close to the DPT are immediately apparent.
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FIG. 11. Period-aveaged magnetizati¢@), as a function of ’
the temperatur@™*, for pulsed oscillatory external field amplitudes
of Hy=0.3, 0.55, and 1.0 in the free film with no surface fields 0.15
(open symbolsand the bulk systerntsolid symbols. A
0.10

2

In Fig. 12c) (Q°R) shows double stochastic resonance ™
peaks, one above and the other below the DPT. Behavior ¥
seen elsewhere in similar systefis® Figure 12c) indicates
that the DPT for bulk system occurs &t ~1.30, while the
DPT for the free film is located at* ~1.28. These estimates
of the critical temperatures for the bulk and free film are
consistent with the temperature at whi¢c®) vanishes in
Fig. 11. It is interesting to note that no evidence of stochastic I*
resonance at the DPT was observed for the thin film with - 12. (a) Fluctuations of the order parametg(Q), (b) fluc-
com_pe_)tlng_ surface_ fields in Fig(@. tuations of the energyy(E), and (c) the period-averaged occu-
. F_lnlte-S|ze scgllng.results for the bulk system are show ancy ratio{Q°R), as a function of temperatuf®*, for a pulsed
in Fig. 13 for lattice sizes of =16, 32, and 64 with a pulsed gjjjatory external field amplitudel o= 0.3 in the free film with no
oscillatory external field of amplitudelo=0.3. The form of g rface fieldgopen symbolsand the bulk systertsolid symbols.
U_(Q) is consistent with a continuous DPT and the intersec-
tion of U (Q) for the variousL is located atT*=1.29. film decreases with decreasiiy. Since this work uses a
Close to other estimates for the location of the DPT fromdiscrete set of frequencies for the driving field, only the gen-
Figs. 11 and 12. eral features of the frequency dependence of the DPT are
found. More details of the frequency dependence of the DPT
E. Frequency dependence in the kinetic Ising model are given elsewhéfe.
: Figure 15 shows results for the fluctuations in the film
The dependence of the DPT in the film with competingnear the DPT. FoH;=0.3 andT* =0.6, the figure shows
surface fields If=—0.55) on the frequency of the applied the dependence on the field sweep @&ig of (a) the fluc-
oscillatory field is presented in Fig. 14. This shows thetuations of the order parametgi(Q), (b) the fluctuations of
period-averaged magnetizatio@, as a function of field the energy,x(E), and(c) the mean period averaged occu-
sweep rateRes, at a temperatur@* =0.6 for pulsed oscil- pancy ratio,(Q°®). It is immediately clear thag(Q) and
latory external fields of amplitudél;=0.3 and 0.55. The y(E) both show broad peaks &:s=7, while (Q°®) has a
period of the pulsed oscillatory field is set to 240 Res minimum atRgs=7. This is the value foRgg at which(Q)
MCSS. Only integer values ORgg are considered. At all vanishes in Fig. 14. Thus the critical frequency characteriz-
values ofH,, the film displays a dynamically ordered phaseing the DPT is located &rs=7. No evidence of the mixed
with (Q)# 0 for smallRgg (high-frequency oscillatory exter- state was observed for the discrete set of field frequencies
nal fields, while at largeRs (low-frequency oscillatory ex- used in this work. Notably in Fig. 1&) (Q°F) yields a local
ternal fieldg a dynamically disordered phase witp)=0 is  minimum at the DPT similar to results for the bulk and free
found. The critical frequency characterizing the DPT for thefilm systems seen in Fig. 13.
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FIG. 13. Fourth-order cumulant for the period-averaged magne- Q 0.06 - -
tizationU (Q), as a function of the temperatufé, with a pulsed ! i 1
oscillatory external field amplitudéd;=0.3 for lattice sizes of 14 ]
L=16, 32, and 64 in the bulk system. Inset is an enlargement of the 0.04 -
cumulant crossing region. r 1
IV. CONCLUSION 0.25 L ]

. . o 020 F © »

The dynamic response of thin ferromagnetic Heisenberg F 7
films with competing surface fields to a pulsed oscillatory 0.15 & 3
external field has been studied. The magnetic spins in theQ:/\ 0.10 £ E
model are continuously orientable, but the bilinear exchangeQQ) ' £
anisotropy A in the Heisenberg Hamiltonian ensures that 7' 0.05 | E
Ising-like characteristics are retained. At low temperatures 0.00 * 3
the competition between the ferromagnetic ordering tenden- £
cies of the spins and the applied oscillatory field determines -0.05 F E
the behavior of the film, which exhibits a dynamic phase 2010 E—1 | | | l ! ]

transition between dynamically ordered and dynamically dis-
ordered phases.
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FIG. 14. Period-averaged magnetizati¢®), as a function of
the field sweep rateRggs, at a temperaturd* =0.6 for pulsed

N= 2

oscillatory external fields of amplitudd,=0.3 and 0.55.

FIG. 15. (a) Fluctuations of the order parameter(Q), (b)
fluctuations of the energy(E), and(c) the period-averaged occu-
pancy ratio{Q°R), as a function of the field sweep raiyg, at a
temperatureT* =0.6 for a pulsed oscillatory external field ampli-
tudeHy=0.3.

The bulk and free film show a DPT where the system
moves from a dynamically disordered phase vtk 0 to a
dynamically ordered state whet®| is nonzero. This dy-
namically ordered state can be of either positive or negative
net magnetization, i.e., eitherQ or —Q, the one selected
depending on the initial conditions and random number se-
quence of the simulation. While the system can fluctuate
between the positive and negative magnetization states, the
two states will not coexist at the same time in a small system.
As a result the DPT is associated with stochastic resonance
in the system.

In the film with competing surface fields, the dynamic
response of the film is markedly different from the free film.
A DPT is observed, but at a lower temperature or field am-
plitude, and fluctuations of the order parameter in the vicin-
ity of the DPT are much greater. These are a result of the
interplay of the static surface fields with ferromagnetic or-
dering of the spins and the driving force of the oscillatory
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external field. The competing surface fields pin the magnetifor the fourth-order cumulant for the period-averaged mag-
zation of the surface layers and at low temperatures localizaetizationU, (Q) show that for the films with competing
the interface between regions of positive and negative magsurface fields there is no evidence of a single D@ither
netization near one surface of the film. In the presence of afirst order or continuoysin the film. In contrast, finite-size
external driving field, this leads to a coexistence of dynamiscaling results fol)_(Q) give us clear evidence of the DPT
cally ordered and dynamically disordered states within then the cumulant crossing for the bulk system and the free
film. As a result the DPT occurs at different temperatures irfjim  Furthermore there is no evidence of stochastic reso-
different regions of the film. Only at very low temperatures nance in the film with competing surfaces. This is in marked
does the dynamic response of the whole film become unigonuast to the observation of double stochastic resonance

form. Thus the DPT for the film with competing surface . :
fields is a composite of DPTs for different regions of the film peaks aboutthe DPT for the free film and corresponding bulk

C TS . m.
spread over a range of temperature. Finite-size scaling resul%é( ste
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