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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 anisothopya 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 temperdiye whose location is determined by the
amplitudeH, and frequencyw 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 valueT to the interface localization-delocalization temperatlige. The simulations show that in
generalT . 4<T,; 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 filmTgy. In
the presence of competing surface fields, the dynamically ordered phase is localized at one surface of the film.
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I. INTRODUCTION period as the applied field, provided that the amplitude of the
external force is sufficiently large. At higher frequencies, the
When a ferromagnet is subject to a time-dependent oscilsystem is unable to relax quickly enough even to follow the
latory external fieldH(t), the system cannot typically re- sign (phas¢ of the external field and settles down into a
spond instantaneously. Thus the time-dependent magnetizgymmetry-breaking oscillation about one or other of its zero-
tion of the system lags behind the driving field and hysteresigield stable states. The location of the transition is a function
results. The area of the hysteresis loapis equal to the of the temperature, field amplitude, and frequency. A finite-
energy dissipated per period of the applied oscillatory fieltsize scaling analysis of large-scale Monte Carlo simulations
and its dependence on the frequency and amplitude of thef the kinetic Ising model in an oscillatory field has shown
applied field has been extensively studied. An ultrathin ferthat the dynamic phase transition is in the same universality
romagnetic film with a uniaxial anisotropy that is driven by a class as the equilibrium Ising modEl5]. This result was
oscillatory external fieldd(t) =H, sin(wt), whereH, is the  confirmed in a recent study of a time-dependent Ginzburg-
amplitude ando is the angular frequency of the applied field, Landau model in an oscillatory field.6].
will switch between two stable states of positive and nega- The study of thin film ferromagnetism is of intense sig-
tive magnetization that are degenerate in the absence of theficance. Not only for its applications in magnetic recording
applied field Hy=0). Experimental studiefsl—4] have ob-  media, a key component of today’s information technology
served power law scaling of the hysteresis loop #eeith  industry, but also for the fundamental physics it reveals.
A~HSw? which was generally consistent with mean-field Finite-size effects in thin films arising from both confine-
theory [5,6] and early Monte Carlo studies of the kinetic ment and surface modification give rise to a variety of equi-
Ising model[7—11]. However, there was much disagreementlibrium phase behaviors that are not observed in the bulk
in the reported values for the exponentand 8. Subsequent materials. In this context, the interface localization-
extensive Monte Carlo simulations of the kinetic Ising modeldelocalization transition in thin ferromagnetic films with
[12—-14 have shown that the hysteresis loop area exhibits anompeting surfaces has been the subject of much recent in-
extremely slow approach to an asymptotic, logarithmic dewvestigation. The competing surface forces are surface
pendence on the product of the amplitude and the field freanisotropies in the direction perpendicular to the plane of the
quency. This may explain the inconsistent exponent estifilm that favors a positive magnetization at one surface and a
mates reported in attempts to fit experimental and numericalegative magnetization at the other surface. Bineeal.
data for the low frequency behavior of the hysteresis loog17-20 have made an extensive study of the thin ferromag-
area to a power law. At higher frequencies a dynamic phaseetic Ising film with competing surface forces and shown
transition is observed in which the period averaged magnethat the properties of the interface localization-delocalization
tization Q passes from a dynamically disordered state withtransition are distinct from both the bulk ferromagnetic-
Q=0 to a dynamically ordered state witQ>0. This dy- paramagnetic phase transition and the wetting transition in
namic phase transition can be intuitively understood as theemi-infinite systems. Complementary studies on thin ferro-
competition between two time scales: the period of the apmagnetic Heisenberg films with competing surface forces
plied oscillatory field and the response time of the magneti{21,22 have shown that the presence of an interface
zation. When the field oscillates at sufficiently low frequencylocalization-delocalization transition is not restricted to dis-
the magnetization essentially follows the field, switching thecrete state models, such as the Ising model. But it is also
system between its two zero-field stable states with the sanmfeund in magnetic systems where the spins are continuously
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orientable, albeit with some degree of uniaxial anisotropy.
While the kinetic Ising model can provide a good model H=MHo— > Hi'S— > HpS-HOX S,

of uniaxial ferromagnets in which magnetization reversal | esurface 1 | € surfaced ' @

proceeds by nucleation and domain wall motion, it cannot

account for magnetic relaxation processes such as the coh&thereH,; andH are the applied surface fields. The time-

ent rotation of spins. This requires a spin model with con-dependent oscillatory external fiekd(t) is taken to have a
tinuous degrees of freedom such as the classical Heisenbeghusoidal form with

model in which the magnetic spins can rotate through all

possible orientations. However, studies of the magnetic H(t)=Hgsin(wt), 3
phase behavior of the Heisenberg model are more compli- ) . )

cated than for the corresponding Ising model. With only iso-WhereH is the amplitude and is the angular frequency of
tropic interactions between nearest-neighbor spins, ferrothe oscillatory field.

magnetic order is only found at zero temperature in the We consider a simple cubic lattice of site<L XD in
absence an external field. However, the inclusion of &Hnits of the lattice spacing, and apply periodic boundary con-
uniaxia| anisotropy in the Ham”tonian can Signiﬁcanﬂy d|t|0n in theX andy dil’ections. Free boundary ConditionS are
mod|fy the properties of the Heisenberg Spin System_ Aapplled in thez direction that is of finite thicknesb. The
uniaxial anisotropy favors the alignment of spins along arSystem is subject to competing applied surface fields in lay-
easy axis, conventionally denoted as #axis, which can be €rsn=1 andn=D of the film with

regarded as the axis in hexagonal, tetragonal, and rhombo- .

hedral crystals. For sufficiently large values of the uniaxial Hy1=h25;,, )
anisotropy, Ising-like phase behavior is recoverat,22.

This paper investigates hysteresis and the dynamic phase
behavior of thin ferromagnetic films within the anisotropic
Heisenberg model. The inclusion of competing surface field
allows the magnetization distribution within the film to be
controlled and its interplay with driving force provided by ~ H=Ho—h| > S > S|-H1X .
the applied oscillatory field studied. In Sec. Il a full descrip- |esurface L e surfaced ' ©
tion of the model is given together with the details of the

Monte Carlo simulation method. In Sec. Il the dynamic A film thicknessD = 12 was used throughout. The value
phase behavior of the thin ferromagnetic film with free SUr-of p=12 Corresponds to the crossover regime between the
faces is presented along with the results for the correspongga|| and bulk-dominated behavior for thin Ising filnis8].

ing bulk system. Modifications to the dynamic phase behavin thinner films it is difficult to distinguish between “inter-
ior resulting from the addition of competing surface fieldsface” and “bulk” phases in the film since all layers of the
are given in Sec. IV. The structure of the magnetizationfjim feel the effect of the competing surface fields rather
within the film is detailed in Sec. V, and the role of the strongly, while for thicker films the surfaces of the film only
frequency of the applied oscillatory fields is the topic of Sec.jnteract close to the bulk critical point. Results are reported

Hp=—hZ5p, (5

giving a Hamiltonian

VI. The paper closes with a conclusion. here for lattices of siz& =32, but no significant differences
were found for lattices witlh. = 64 andL = 128 at noncritical
Il. MODEL values ofHy, w, andT. The Metropolis algorithni24] was
The Hamiltonian for the classical Heisenberg model withused in the Monte Carlo simulations vynh tl‘la|. configurations
a bilinear exchange anisotropy can be written a§22] generated from Barker-Watti25] spin rotations. In the

simulations trial spin rotations were performed sequentially
e ez through the lattice in a checkerboard fashion. One full scan
Ho= _JZ [(1-A)(SS{+ Slys}/)—’_sl Sl 1) of the entire lattice comprises one Monte Carlo step per spin
0 (MCSS), the unit of time in the simulations. The period of
where S =(S',5,S) is a unit vector representing thi¢h  the sinusoidal external field is given by the prod&EN,
spin and the notatiofi,j) means that the sum is restricted to whereRggis the field sweep rate?6] andN is the number of
nearest-neighbor pairs of spirkis a coupling constant char- MCSS. The applied oscillatory fielti(t) is updated after
acterizing the magnitude of the exchange interaction and foevery MCSS according to E¢3). The majority of the simu-
ferromagnets]>0. Following Binder and Landa{23], A  lations were performed for a value Bs=1 with N=240.
determines the strength of the bilinear exchange anisotroplyor lower frequencies of the applied oscillatory field, larger
and is only applied to the andy components of the spin. In values forRgs were used up to a value &gs=1000. In all
the isotropic limit, A=0, the model reduces to the familiar the simulations a random initial spin configuration was used.
classical Heisenberg model of magnetism, while for 1, No significant changes to the dynamical properties re-
the Hamiltonian becomes lIsing-like. ported in this paper were found when a random spin update
The system under consideration here is a threescheme replaced the checkerboard sequential updating used
dimensional thin planar film of finite thickne$s subject to  in these simulations of the classical Heisenberg spin system,
applied surface fields and an oscillatory external field withalthough it should be noted that Monte Carlo studies of the
Hamiltonian very fine detail in the dynamics for the kinetic Ising model
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have revealed significant differences between random anc WO ———F——F———F—— 7 T 1 7135
sequential spin updating schenied].

The time-dependent magnetic order of the film is charac-
terized by thez component of the magnetization for the film 08

1 D
Ma(D)=5 2, MA() (7

. — A
and the time-dependernt component of the magnetization 31

for the nth layer of the film 0s

1
Mi(t =2 Si(b) ®
0.2
was calculated during the simulations. The order paramete
Q for the dynamic phase transitiofill] is the period-
averaged magnetization over a complete cycle of the sinu-  jydeeod

soidal field defined by 0.0 .
HO
=22 b M, (tdt )
Q 2 o ‘ FIG. 1. Period-averaged magnetizati®) (solid symbol$ and
hysteresis loop are@) (open symbolsas a function of the ampli-
The hysteresis loop arelis defined by tude of applied oscillatory fieltH, at a temperature of* =1.0 in
the bulk system(circles and the free film with no surface fields
triangles.
A=— 3g|v|de. (10  (Wangles

tem is ferromagnetic. For sufficiently small,, the applied
IIl. EREE EILM field is too weak to produce any significant reorientation of
the spins in the ferromagnetically ordered sample. Hence the
In this paper we have focused on a system with a bilineafilm magnetization is essentially time independent. As a con-
exchange anisotropy of =0.1. For this weak exchange an- sequencéA)=0 and the nonzero magnetization of the fer-
isotropy A the system is intermediate in character betweel’romagnetically ordered system ensuk€» has a nonzero
the limiting Ising-like (A =1) and HeisenbergX=0) mod-  value for smallH,.
els. In the absence of an applied field the bulk system dis- As H, increases the driving force of the oscillatory field
plays a second-order ferromagnetic-paramagnetic phase tragtarts to dominate the competing ferromagnetic ordering aris-
sition at Ty =kgT./J=1.53. For the thin fim geometry ing from the spin-spin interactions. The alignment of spins
considered here with film thickned3=12 and in the ab- then tends to follow the oscillatory field and gives rise to
sence of any applied field the critical temperature charactetemporal oscillations in the film magnetization with an angu-
izing the ferromagnetic-paramagnetic phase transition is rear frequency consistent with the applied field. As a result
duced withT% =1.51 for the free film. (Q) decreases, whiléA) increases, with increasing,. For
When subject to an applied oscillatory figt{t) the mag-  sufficiently largeH, the applied field becomes so dominant
netization of the film becomes time dependent. The dynamithat(Q) vanishes as a result of the symmetric variation of the
response of the film is characterized by the period-averagetime-dependent magnetization. The dynamic phase transition
magnetizationQ and the hysteresis loop aréa Figure 1 is characterized by the order paramefethat vanishes at a
shows(Q) and(A) as a function of the field amplitudé¢, for =~ nonzero value oH, with increasingH,. Note that the loca-
an applied oscillatory field with angular frequenay  tion of the dynamic phase transition in the free film is at a
=2m/240.(Q) and(A) are averaged values over a sequencsslightly lower value ofH,. Figure 1 shows thaQ) vanishes
of full cycles with initial transients discarded. The number ofat values ofHy=0.76 in the free film andd,=0.80 in the
cycles in the average was adjusted to ensure the statisticallk system. For values ofl, greater than these critical
average was much smaller than the symbol in the figure. Thealues, there is a smooth monotonic increasgApn with
figure presents the results of simulations at reduced temperincreasingH, which has a power law form withA) ~Hg .
ture of T* =kgT/J=1.0. For comparative purposes the fig- The results in Fig. 1 correspond to valuesaof 0.75 in the
ure also shows the corresponding result for the bulk systergulk system andv=0.73 in the free film. Such values far
subject to the same applied oscillatory field. These resultare slightly higher than those found in comparable Ising
were obtained from a simulation of a 832X 32 simple  model studie$11], although estimates for power law scaling
cubic lattice with periodic boundary conditions. The qualita-exponents extracted from fits to data over a restricted ampli-
tive form of (Q) and(A) as a function oHg in Fig. 1 is the  tude range must be treated with cautdd].
same for both the bulk system and the free film. For small The temperature dependence of the period-averaged mag-
Ho, (Q) is a constant anA)=0. SinceT* <Tj; , the sys- netizationQ and the hysteresis loop ar@ais shown in Fig.
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FIG. 2. Period-averaged magnetizati@®) (solid symbol$ and FIG. 3. Period-averaged magnetizati®) (solid symbol$ and

hysteresis loop areé) (open symbolsas a function of the tem- hysteresis loop are@) (open symbolsas a function of the ampli-
peratureT* for an applied oscillatory field amplitude f,=1.0in  tude of applied oscillatory fielH, for temperatures of"* =0.6
the bulk system(circles and the free film with no surface fields (circles, T*=1.0 (triangles, andT* =1.2 (squares
(triangles.

order-disorder and interface localization-delocalization phase
2 for the free film and the bulk system at an amplitude of thetransitions are quite distinct.
applied oscillatory fieldHy=1.0. Figure 2 shows thaQ) The magnetization of the film becomes time dependent
#0 at low T* and the system is in a dynamically ordered when subject to an applied oscillatory field. The dynamic
phase, while a dynamically disordered state is found at highesponse of the film with competing surface fields is given in
T* with (Q)=0. The critical temperature characterizing the Fig. 3. This showsQ) and (A) as a function of the field
dynamic phase transitiofi, is lower in the free film than in amplitudeH, for an applied oscillatory field with angular
the bulk system withT;,=0.81 for the free film andry, frequency w=2m/240. The figure presents the results of
=0.86 for the bulk system. Note that,<T?* for both the simulations at reduced temperatureg6f=kgT/J=0.6, 1.0,
free film and the bulk system. Figure 2 further shows that theétnd 1.2. In equilibrium wittH,=0, the corresponding bulk
dependence ofA) on T* is qualitatively different from the Systems are ferromagnetic at all three temperatures, while the
dependence gfA) onH, seen in Fig. 1. For fixe#,, Fig. 2  film displays a localized interface in the magnetization pro-
shows that(A) as a function ofT* possesses a broad, but file at the lowest temperature and a delocalized interface at
clear, maximum located temperatures just abtije These the highest temperature. The qualitative form@f and(A)
results are consistent with studies of the two-dimensiona®s @ function o, in Fig. 3 is the same for all three tem-

kinetic Ising model11,14 and provide additional evidence Peratures, i.e., for thin ferromagnetic films above and below
for the existence of a dynamic phase transitior . the interface localization-delocalization transition. In the

Additional studies of smaller systems with=16 re- limit Ho— 0, the net magnetization of the film with compet-
turned results consistent with those presented here for a Iaf?9 Surface fields is zero and hen(®)=0 for Ho— 0. For
tice with L= 32. But for very small systems with=6, there ~SMallHo there is an, initially linear, increase {@) with H,
is no significant lag of the spins behind the applied oscillaUP 10 @ maximum iKQ). As H, increases furtherQ) de-

tory field and no dynamic phase transition is obserig]. ~ Créases to zero. o _
y y P The dynamic phase transition is characterized by the order

parameterQ that vanishes at a nonzero value l8f with
IV. COMPETING SURFACE FIELDS increasingH,. For increasingT* the location of the dy-
namic phase transition shifts to lower valuedyf. Figure 3
For the thin film geometry considered in this paper with ashows that at temperatures ®f =0.6, 1.0, and 1.2(Q)
film thicknessD=12 and competing surface fields with  vanishes at values ¢f,=1.3, 0.75, and 0.5, respectively. In
=0.55, the system exhibits an interface localization-addition the peak ifQ) decreases in magnitude while its
delocalization transition at a critical temperature Bf; location also shifts to loweH, with increasingT*. All di-
=1.12 in the absence of an applied field. This is well belowrect consequences of the greater thermal disorder in the spin
the critical temperature of the ferromagnetic-paramagnetigystem at highe* requiring a smaller amplitude of the
phase transition for the bulk system, whefg =kgT./J applied field to dominate the ferromagnetic order of the
=1.53. Thus for the system under consideration here, theample and to drive the dynamic reorientation of the spins.
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FIG. 5. Dynamic response afcomponent of the magnetization
M,(t) at a temperature of* =1.0 for applied oscillatory field am-
plitudes ofH,=0.3, 0.7, 1.0, 2.0, and 3.0.

delocalization transitioy; decreases. However, our simu-
FIG. 4. Period-averaged magnetizati®) (solid symbol$ and  lations show thafl;, also decreases dsincreases and that
hysteresis loop aregh) (open symbolsas a function of the tem-  T* < T* for all h. Indeed, the qualitative form of the hyster-
peratureT* for applied oscillatory field amplitudes dfioc=0.3  ggjs curves is essentially independent of the magnitude of the
(circles, Hy=0.55(triangleg, andHy=1.0 (squares competing surface fields.
A greater insight into the nature of the dynamic phase
. _transition seen in Figs. 3 and 4 follows from the time depen-
For smallHo, Fig. 3 showgA)=0 and a smooth monotonic gence of thez component of the magnetization,(t) in the
increase in(A) with increasingH, coinciding with the de_- applied oscillatory fieldH (t). Figure 5 showsM (t) for the
crease to zero ofQ). For values ofH, above the dynamic iim over the initial cycles of the applied oscillatory field at a
phase transition, the results of Fig. 3 are consistent W'“iemperature‘l’*zl.Ofor an applied oscillatory field of angu-
power law scaling of the fornfA)~Hg. The exponentr |5y frequencyw=27/240 with amplitudesd,= 0.3, 0.7, 1.0,
shows no significant dependence on witk 0.74, 0.73, and 2.0, and 3.0. The figure shows that memory of the initial
0.72 forT*=0.6, 1.0, and 1.2, respectively. Such values forstate in the simulation is short, the steady state being rapidly
a are consistent with those obtained for the free film andoptained within a few cycles of the applied oscillatory field
bulk system reported in Sec. lll, although estimates for thgqr gJ H,. From Fig. 3 it can be seen theit,=0.3 andT*
power law scaling exponent determined from a restricted =1 0 corresponds to a dynamically ordered state with a non-
amplitude range must be treated with cautja#]. zero value ofRQ. Figure 5 shows after initial transierits, for
The temperature dependence of the period averaged magr =03 andT* =1.0 has an oscillatory form with the same
netizationQ and the hysteresis loop aréain the film with  angular frequency as the applied oscillatory field, but lags
competing surface fields is shown in Fig. 4 for three ampli-nehing the field by approximatety/2. The dynamic ordering
tudes of the applied oscillatory fieltt;=0.3, 0.55, and 1.0.  of the state is evidenced by the nonzero mean value for
So the figure contains information on the dynamic phasqy (t). The hysteresis curve is obtained by plottig(t) in
transition in the ferromagnetic films for applied oscillatory the M,-H plane and foH,=0.3 andT* = 1.0 the hysteresis
fields Whose.magnitude is below, equal to, an_d above that of,rve is the asymmetric loop shown in Figap The asym-
the surface field=0.55. For all values ofy, Fig. 4 shows  metric loop can be located in either the positive or negative
that (Q)#0 at low T* and the system is in a dynamically \, half-plane, depending on the initial direction of the ap-
ordered phase, while a dynamically disordered state is founfjied oscillatory field. For the increased field amplitudg
at highT* with (Q)=0. However, the critical temperature —( 7, the time-dependent magnetization still smoothly oscil-
characterizing the dynamic phase transifidy is Ho depen-  |ates with the applied field but with a slight decrease in the
dent. Figure 4 show§},=1.43, 1.18, and 0.80 for the oscil- phase lag oM, behindH. Most notably, though, the mean
latory field amplitudes ofH,=0.3, 0.55, and 1.0, respec- value ofM(t) is markedly reduced. The hysteresis curve for
tively. Thus the critical temperature for the dynamic phaseH,=0.7 andT* =1.0 from the data in Fig. 5 is given in Fig.
transition of the film decreases with increasifg. Figure 4  6(b) and is close to symmetric about thé, and H axes.
further shows that the hysteresis loop afdaas a function  Thus the period averaged magnetizati@) is very small,
of T* possesses a broad, but clear, maximum located tenwhile the hysteresis loop area is much larger thanHgr
peratures just abovE}, as previously seen for the bulk sys- =0.3. From Fig. 3 it can be seen that tHg=0.7 andT*
tem and the free film with no surface fields. =1.0 state is located in the vicinity of the phase transition
As the magnitude of the surface field strengthis in-  between dynamically ordered and dynamically disordered
creased, the critical temperature of the interface localizationstates.
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When the applied oscillatory field amplitude increasesindicates the onset of a dynamically disordered phase. For
further to Hy=2.0 and 3.0, the time-delayed dynamic re- T>T_4 the phase lag oM ,(t) behindH(t) decreases with
sponse oM (t) to the oscillatory field af* =1.0 shown in  increasingT. This is a result of thermal disorder reducing the
Fig. 5 corresponds to the hysteresis loops as in Figs.ahd  ferromagnetic ordering tendencies of the spins which be-
6(d). These systems are characterized by a zero value for tme more able to respond to the applied field. Furthermore,
period averaged magnetization and large values for the hysnother consequence of enhanced thermal disorder with in-
teresis loop area that increase wiily. The onset of satura- creasingT is that the magnitude oM,(t) in the cycle of
tion in the peaks and troughs & ,(t) results in the more H(t) decreases with increasing This reduces the magni-
angular shape for the hysteresis loop that becomes motede of hysteresis loop area for>T.4. As a result the hys-
marked with increasingl,. Note that the lag in the response
of M, to the applied fieldtH reduces with increasint. 10 -

Figure 7 shows simulation results for the time variation of 08 | 708

T TJ: LN AL B LA R L LR L
z component magnetizatioll ,(t) with an applied field of 0.6 =10 N
amplitudeHy=1.0 and angular frequency=2m/240 for oa LI . _'
temperatures 06T*<1.4. The hysteresis curves corre- o2l TV 3
sponding to the results fdvl,(t) in Fig. 7 atT* =0.6, 0.8, S 00 L7 =

1.0, and 1.4 are shown in Fig. 8. From Fig. 4 fé5=1.0, =

the critical temperature for the dynamic phase transition is g:i r

given by T54(Hp=1.0)=0.8. ForT<T.q, M,(t) lagsH(t) 06 |

by approximatelyn/2 and the dynamically ordered phase of 08k _
the film is characterized by a nonzero mean valueMg(t). dol e
The asymmetric loop in the hysteresis curve can be locatec "o 200 400 600 200

in either the positive or negativi®l, half-plane, depending t (MCSS)

on the initial direction of the applied oscillatory field. See

Fig. 8(a) for T*=0.6. Figure &) shows that the hysteresis  FIG. 7. Dynamic response of ttecomponent of the magneti-
loop becomes essentially symmetric about e and H  zationM,(t) to an applied oscillatory field of amplitudé,=1.0 at
axes around.q. This gives rise to the vanishing € and  temperatures of*=0.6, 0.8, 1.0, 1.2, and 1.4.
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teresis loop area has maximum value at temperatures justetric hysteresis loop for the film and a zero value for the
aboveTy,. dynamic order parameter of the fil@.
This is in marked contrast to the behavior of the dynami-
cally ordered system shown in Fig(t9. Here M} (t) at the
V. DYNAMIC RESPONSE OF THE LAYER near surface of the film, layer=1, oscillates between posi-
MAGNETIZATION WITHIN THE FILM tive and negative values in a time-delayed response to the

Further information on the nature of the dynamic phas applied oscillatory field. The time-averaged magnetization in

behavior of the film seen in Sec. IV is contained in the laye ayer 1 is close to zero. Indeed the behawor n 'Iayerl IS
magnetization across the film. Figure 9 shows the time_remlnls_cent of that seen in all layers of the film in a dynami-
dependent layer magnetization across the fifi(t) over c_aIIy disordered st_ate. Buvl%(t) gt the far surface of the
three consecutive cycles of the applied oscillatory field forfilm. layer n=12, is markedly different. It shows a large
(Ho,T*)=(1.0,1.0),(1.0, 0.6, and(3.0, 1.0. From the re- nonzero value for the time-averaged magnetization of the
sults of Sec. IV it can be seen that the statek,,([*) layer with only a very weak oscillatory response to the ap-
=(1.0,1.0) and(3.0, 1.0 correspond to dynamically disor- plied oscillatory field, so that the behavior of laye+ 12 is
dered states of the film, while forH,T*)=(1.0,0.6) the akin to that observed in the dynamically ordered state. Thus
film is in a dynamically ordered state. A qualitative differ- for an applied oscillatory field witiH,=1.0, at a tempera-
ence between the results fdt%(t) in the dynamically or- ture T*=0.6, dynamically ordered and dynamically disor-
dered phas¢F|g EXb)] and those in the disordered phasedered states coexist within the film. From Flg 4 fﬂlb
[Figs. 9@ and 9c¢)] is immediately apparent. For the dy- =1.0, it can be seen that the temperatlife=0.6 is below
namically disordered states of the fill?(t) has the same the dynamic critical temperatur@g,=0.8. The nonzero
qualitative form for alln. The time-dependent layer magne- value ofQ for the film in this state arises from the contribu-
tization is essentially uniform across the film and at any in-tion of the dynamically ordered layers on the far side of the
stant of time no interface between regions of negative andilm, n>4. ForT*>Tg, all layers of the film correspond to
positive magnetization of the film can be observed. Thedynamically disordered states. But wh@ti is below T,
“uniform” time-delayed response of the layer magnetizationdynamically ordered layers form in the film. The dynami-
across the film to the applied oscillatory field leads to a sym<ally ordered layers are located near the far surface of the
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FIG. 9. Dynamic response of the layer magnetization across the
film MZ for (@ Hy=1.0 andT*=1.0, (b) H,=1.0 andT* =0.6,

and(c) Hy=3.0 andT* =1.0.

film since T*<TZ,<Tg and the underlying equilibrium

PHYSICAL REVIEW E63 066119

HYJ

H(H/JT

state of the film is an interface localized state, in this case FIG. 10. Hysteresis loop for an applied oscillatory field of am-
one with a net positive magnetization of the film. Note, how-PlitudeHo=1.0 at a temperature G* = 1.0 for field sweep rates of
ever, that the net magnetization of the film in an interface<@ 10, (b) 100, and(c) 1000.

localized state can be either positive or negative, depending

the phase constant of the applied oscillatory field.

VI. FIELD SWEEP RATE

applied oscillatory field. To conclude this work, the depen-
dence of the hysteresis curve on the frequency of the applied
oscillatory field is investigated. Figure@ shows the hys-
teresis loop for the film at a temperatufé = 1.0 subject to

Recent experimental wofld—4] and theoretical studies of an applied oscillatory field of amplitudel,=1.0 at field
the kinetic Ising mode[11-14 have shown that the form of sweep rateRes= 1, corresponding to a period of 240 MCSS

066119-8



HYSTERESIS AND THE DYNAMIC PHASE TRANSITION . .. PHYSICAL REVIEW B3 066119

for the sinusoidal applied field. In addition Fig. 10 shows the VII. CONCLUSION

hysteresis loops for the same system at lower angular fre-

quencies of the applied oscillatory field with field sweep The dynamic response of thin ferromagnetic Heisenberg
rates ofRes=10, 100, and 1000. The first point to note is films with competing surface fields to an applied oscillatory
that the results show the same general trends previously seggld has been studied. The magnetic spins in the model are
in studies of the bulk kinetic Ising modg11,14. The hys-  continuously orientable, but the bilinear exchange anisotropy
teresis loop area increases with decreasing angular frequengy jn the Heisenberg Hamiltonian ensures that Ising-like
until it reaches a maximum before falling to zero. The dy-characteristics are retained. The competition between the fer-
namic phase transition occurs.at a critical _angular freq“encyomagnetic ordering tendencies of the spins and the applied
w close to where the hysteresis loop area is a maximum. FQ¥gijiatory field determines the behavior of the film, which
®=Wc, the.system IS1n a d.ynam|cally ordered state. A Oly'exhibits a dynamic phase transition between dynamically or-
namically disordered state is observed i w.. Hyster- dered and dynamically disordered phases. The critical tem-

esis Io_ops that enclose the origin only occur for angular fre'perature of the dynamic phase transitibgy is a function of
guencies belowo,. .

In Fig. 10 we show the results fap<w. and T>T.. the_lelxntgula][_ flrgqﬁentcw a_ndl amplltudszOdof tht?] app_lu_ad
Starting from Fig. &) where Reg=1, the loop area de- OEC' ao(rjy 1eld. Hysteresis bodqps cBen ;areT<o_r|1_ eho;l.?m are
creases with increasing@s, i.e., decreasing the angular fre- observed at temperatures abavg. But for ca the film

quency of the applied oscillatory field. At the lowest angular’ In @ dynamically ordered state and the hysteresis loop is
frequency studied witRes= 1000[Fig. 10(c)], the hysteresis dlsplace_d from the origin being located in e|ther the pos_lt_l\{e
loop area is substantially smaller than Rge= 1 [Fig. 8c)], or negative magnetization half plane, depend!ng on the initial
an angular frequency 1000 times smaller. However, note th&onditions of the simulation. A study of the time-dependent

the qualitative shape of the hysteresis loop change®far layer magnetizatiqn across the filh’(t) has §hown 'Fhat for
—1 where there are no “tails” to the hysteresis curve thatT < Tcq the dynamically ordered and dynamically disordered

corresponds to saturation of the magnetization. This indiPhases coexist within the film. In the presence of competing

cates that the angular frequeney=27/240 is close to the surface fields, the critical temperature of the ferromagnetic-
critical frequencyew, for the film. paramagnetic transition of the film is suppressed from the

For fixed temperature and amplitude of the applied oscilPulk system value to the interface localization-delocalization
latory field, the hysteresis loop area shows a power deperfémperaturel;. This work shows thal c4<Tg; .
dence on the angular frequency of the applied sinusoidal
field with (A)~ w”. Over the range £ Rgs<1000, for T*

=1.0 andH,=1.0 the results in this paper give an exponent ACKNOWLEDGMENTS
B=0.47 which is comparable with the exponent obtained for
the three-dimensional Ising modell]. However, it should The authors would like to thank Carol K. Hall for her

be noted that any estimate for the power law scaling exposupport and interest in this work. Comments by Per Arne
nentB determined from a restricted frequency range must bé&Rikvold and Bikas K. Chakrabarti on an early version of the
treated with cautiofl14]. manuscript are gratefully acknowledged.
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