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Exchange anisotropy and the dynamic phase transition in thin ferromagnetic Heisenberg films
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Monte Carlo simulations have been performed to investigate the dependence of the dynamic phase behavior
on the hilinear exchange anisotropy of a classical Heisenberg spin system. The system under consideration is
a planar thin ferromagnetic film with competing surface fields subject to a pulsed oscillatory external field. The
results show that the films exhibit a single discontinuous dynamic phase trar{8ifdn as a function of the
anisotropy of the bilinear exchange interaction in the Hamiltonian. Furthermore, there is no evidence of
stochastic resonance associated with the DPT. These results are in marked contrast to the continuous DPT
observed in the same system as a function of temperature and applied field strength for a fixed bilinear
exchange anisotropy.
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I. INTRODUCTION Il. MODEL

The system under consideration here is a three-

The dynamics of field-induced magnetization reversal indimensional thin planar film of finite thickne§s with com-
thin ferromagnetic films has been the subject of extensiveting surface fields subject to a time dependent oscillatory
experimental and theoretical intereft]. For theoretical external fieldH(t) with Hamiltonian
studies, the kinetic Ising model has provided a conceptually
simple model to investigate the Qynamlc phase behavior ofy(t)=%,—h _ > S > & —H(t)z S
ferromagnetg 2-5]. However, while the Ising model can i esurface 1 i e surface D i
provide a good representation of uniaxial ferromagnets in 1)
Whi.Ch magneti'zatic.)n reversal proceeds by nuclgation a”‘? doI=he competing surface fields are characterized by a magni-
main wall motion, it cannot account for_magnetlc_ relaxatlontudeh, andH(t) is taken to have a pulsed form with
processes such as the coherent rotation of spins. This re-

quires a spin model with continuous degrees of freedom such 2(k—1)m (2k—1)m

as the classical Heisenberg model in which the magnetic —Ho, t< © ,

spins can rotate through all possible orientatipis H(t)= )
The dynamic phase behavior of thin ferromagnetic films Ho, (2k—1)m t< 2k

of Heisenberg spins with competing surface fields subject to 0] o’

an applied oscillatory field was investigated in recent studies . . .
[7,8]. The inclusion of a bilinear exchange anisotropyin ~ WhereHo is the amplitudew is the angular frequency, arkd

the model Hamiltonian allowed the system to take on Ising-(k:1*2’3"") is an i”t‘?gef rep.resenting thg numper of p_eri-
like characteristics while allowing the magnetic spins to ori-0ds of the pulsed oscillatory field. The anisotropic classical

ent continuously. In addition, the competing surface ﬁeIdSHeisenberg modeB)] is defined by

ensured the presence of domains of opposite magnetization

at the two film surfaces, so that the time dependence of the Ho=—J, [(1-A)(SS+9S)+S55], 3)

film magnetization in the applied oscillatory field was deter- (j)

mined by the motion of the interface between domains °(Nhere3=(8f,5ﬁy,8|z) is a unit vector representing trieh
opposite magnetization. The dynamic phase transi@l)  gnin and the notatiofi,j) indicates that the sum is restricted
has been studied as a function of temperature, as well as thg nearest-neighbor pairs of spirls> 0 is the coupling con-
amplitude and frequency for both sinusoidi@l and pulsed  stant for the ferromagnetic exchange interaction, while

[8] applied oscillatory fields. However, these studies were:paracterizes the bilinear exchange anisotropy. In the isotro-
limited to thin ferromagnetic films with a single value for the pjc limit, A=0, the model reduces to the familiar classical

bilinear exchange anisotropy. This paper complements thgieisenberg model, while fon =1, the Hamiltonian be-
previous studies by investigating the dependence of the dycomes Ising-like.

namic phase behavior on the bilinear exchange anisotropy of The model film is a simple lattice of sizexXL XD, in

the Heisenberg spin system and provides insight into the difunits of the lattice spacing. Periodic boundary conditions are
ferent dynamic responses of discrete state and continuowpplied in thex andy directions. Free boundary conditions
orientation magnetic spin models. are applied in the direction which is of finite thicknesb.
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The system is subject to competing applied surface fields of LO
magnitudeh=—0.55 in layersn=1 andn=D of the film. [
These static surface fields act so as to favor spin orientations
in the negative direction in layem=1 and in the positive
direction in layern=D. A film thicknessD=12 was used
throughout. This value corresponds to the crossover regime
between wall and bulk dominated behavjd0] for which
the equilibrium phase behavior of the system is well charac- [
terized[11,172. The results reported here are for lattices of 04
sizeL =32. No significant differences were found for lattices i
with largerL at noncritical values of the system parameters A
[8]. 02
The Monte Carlo simulations were performed using the [
METROPOLIS algorithm [13] with a random spin update

0.8

0.6

<Q>

0.0

scheme. A fundamental difficulty that makes nonequilibrium 00 01 02 03 04 05 06 07 0.8 09 1.0
Monte Carlo simulations much harder than their equilibrium
counterparts is that the freedom to choose the dynamics of A

the Monte Carlo algorithm is lodtl4]. The conditions of FIG. 1. Mean period averaged magnetizati@ as a function
ergodicity and detailed balance say nothing about the way ig¢ the pilinear exchange anisotropy for Hy=1.0 andT*=0.6
which the system comes to equilibrium, and different choicegopen symbolsand forH,=0.55 andT* = 1.0 (solid symbol3.

for the dynamics of the algorithm will give different results.
So the dynamics must be chosen on physical grounds. T
relation of the Monte Carlo trial in computationally efficient

cluster algorithms to any realistic dynamical process is uns 1Q/>0 and a dynamically disordered phase with

clear [15]. Thus in this work a _s!ngle-spln dynamics with =0. The period averaged magnetization for tib layer of
METROPOLISacceptance probabilities has been used that pro;

vides a realistic representation of magnetization reversal dyt—he film is given by
namics in Ising-like system,16].

Trial configurations were generated by the rotation of a w ,
randomly selected spin through a random angular displace- Q":ﬁ 35 Mp(tdt. @
ment about one of they,zaxes chosen at randd7,18. A

sequence of size XL XD trials comprises one Monte Carlo

'Eeing thez component of the magnetization for théh layer
of the film. The system exhibits a dynamically ordered phase

step per spinMCSS), the unit of time in our simulations. ll. RESULTS
The period of the pulsed oscillatory external field is given by _ .
productResX N, whereRgg is the field sweep rate andis a The mean period averaged magnetizai@) as a func-

number of MCSS's, the applied oscillatory figh(t) being tion of thg bilinear exchange anisotropyis showp in Fig. 1
updated after every MCSS according to E2). The simula- for two different sets of the external field amphtubll@ and
tions reported here were performed for a valueRa=1  'educed temperatur§* =kgT/J: Ho=1.0 with T*=0.6
with N=240. In all of the simulations the initial spin con- (0Pen symbolsandH,=0.55 withT*=1.0(solid symbol$.
figuration was a ferromagnetically ordered state of the spind & guantity(Q) is determined from a sequence of full
with S =+1 for all i. cycles with initial transients discarded. The error bars in the

The order parameter for the DPT is the period average&gure corresponq to a standard deviation in the r_neasured
magnetization over a complete cycle of the pulsed fi@ld values and are visible only when they exceed the size of the
defined by symbol. The lines in the figure are only to guide the eye. The

DPT is characterized by the vanishing of the order parameter
° Q at a value ofA. ForHy=1.0 andT* =0.6,(Q) vanishes at
Q=— § M,(t)dt. (4)  a value ofA=0.18, while forHy=0.55 andT* =1.0, (Q)
2 vanishes at a value of =0.30. However, the most remark-
able feature of Fig. 1 is that the film shows a discontinuous
where thez component of the magnetization for the film is DPT as a function of\, although it should be noted that the
fluctuations in{Q) close to the DPT are very large as indi-

10D cated by the size of the error bar. This is in marked contrast
M,(t)= D > MZ(t), (5)  to the dynamic phase behavior of these films as a function of
n=1 both T* andH,, for a fixed A, where the DPT was continu-
ous[8].
with Fluctuations of the order parametefQ) were measured

in the simulations with

z — 1 Z
MAO= 2 2 S © X(Q=L?D((Q%)—(IQ])?), ®)
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FIG. 2. (a) Fluctuations of the order paramepe(Q) and(b) the
mean period averaged occupancy rai@°) as functions of the
bilinear exchange anisotropy. Open symbols correspond td,
=1.0 andT*=0.6, while solid symbols represeht,=0.55 and FIG. 3. Period averaged magnetizations for titk layer,Q,,,
T*=1.0. across the whole film as a function of the bilinear exchange anisot-

ropy A for (@) Hy=1.0 andT*=0.6 and(b) H,=0.55 andT*
where() denotes the average over a sequence of full cycles1.0.
with initial transients discarded, and’D is the number of
spins in the system. Note that the absolute order parametshows the bilinear exchange anisotropy dependence of the
|Q| is used in the definition of(Q), since in the dynami- order parameter for theth layer,Q,, across the whole film
cally ordered phase the probability density @has peaks at for (8 Ho=1.0 with T*=0.6, and(b) Hy=0.55 with T*
both +(Q) and —(Q) [4]. Following Kim et al. [19], evi- =1.0. For large values oA [A>0.2 in Fig. 3a and A
dence for stochastic resonan@R) at the DPT is obtained >0.35 in Fig. 3b)] the film is in a dynamically ordered
from measurement of the occupancy ra@8R defined by phase with(Q)>0. This is a result of the layer order param-
eter being nonzero and essentially uniform across the film
QOR_i % M(1) H(t) dt ) except close to one surface. Asdecreases to a critical value
o 2V H| [A=0.18in Fig. 3a) andA>0.30 in Fig. 3b)], there is an
abrupt change ifQ,) across the whole film that is particu-
whereH (t)/|H(t)| is the sign of the external pulsed oscilla- larly marked in the bulk of the film. Notably, this abrupt
tory field. change in{Q,) is located at the same value &f for each

Figure 2 shows the fluctuations in the order parametetayer of the film, a value that is equivalent to the transition
x(Q) and the mean period averaged occupancy Kadig®) value of A for the DPT in the whole film obtained from Fig.
as functions ofA for Hy=1.0 atT* =0.6 (open symbols 1. For small values ofA [A<0.18 in Fig. 3a and A
and forHy=0.55 atT* = 1.0 (solid symbol$. The fluctua- <0.30 in Fig. 3b)] the layer order parameter across the film
tions in Q show a single peak centered on a value for is antisymmetric about the mid-point of the film and corre-
corresponding to the discontinuity Q) seen in Fig. 1. sponds to a dynamically disordered phase for the whole film
However, of more interest is the featureless form({@°®)  with (Q)=0. The results of Fig. 3 clearly show that there is
at values ofA corresponding the peak ig(Q), indicating  a single DPT as a function df for the film with the surface
that SR is not associated with the DPT seen as a function dayers of spins undergoing a DPT at the safnealue as the
A. Taken together with the results of a previous st@i@ly  bulk spins. This is in contrast to the results for the film with
this suggests that the DPT observed in thin ferromagneticompeting surface fields with a fixetl, where forA=0.1
films with competing surface fields is not related to any oc-the continuous DPT for the surface layers of spins differed
currence of SR. This is noteworthy, since for the correspondfrom the continuous DPT for the spins in the bulk of the film
ing free film and bulk systems, the DPT is seen to be assaas a function of botf™* andH, [8].
ciated with SR. To confirm the discontinuous nature of the DPT as a func-

More detail on the nature of the DPT in a thin film with tion of A, the order parameter distributid®(Q) for simula-
competing surface is available from the form of the ordertions in the transition region was obtainfsl20]. Figure 4
parameter in the layers of spins across the film. Figure 3howsP(Q) for Hy=1.0 with T* =0.6 in the vicinity of the
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010 —————T T T sufficiently large system, the kinetic Ising model escapes
[ @) A=0.18 1 from the metastable phase through the nucleation of many
5 droplets, and subsequently the time dependent system mag-
3 netization is self-averaging. But for any finite system the

] metastable decay mode changes to the nucleation and growth
] of a single droplet at sufficiently low temperatures. Due to
the stochastic nature of the nucleation of a single droplet, the
corresponding response of the system in the presence of an
oscillatory field is different, and the system exhibits SR. For
an infinitely large system, a continuous DPT should persist
down to an arbitrarily low temperature. But in a finite system

] the DPT gives way to SR that can be misinterpreted as indi-
0.04 | . cating the existence of a discontinuous D[20].

: ] Dynamic Monte Carlo studies of the anisotropic Heisen-
0oz o ] berg model[7,8] show a continuous DPT as a function of
' B temperature and field amplitude for both the bulk system and
] the free film. Furthermore, the DPT is associated with SR as
h ] suggested by Kornisst al. However, in the thin film with
0.06 - b competing surface fields there is no evidence of SR associ-
B 1 ated with the continuous DPT. This is a result of the static
_ ] competing surface fields, which ensure that the system is
002 L h always in a “single droplet” regime, since in all but very
i strong oscillatory fields the two phases always coexist within
0-091_0' s o0 e the film. The DPT thus proceeds simply by the growth of one

' ' ‘ ' ' phase through domain wall motion as a result of coherent
Q spin rotation of the Heisenberg spins.

The results in this paper for the anisotropic Heisenberg
model in thin films with competing surface fields show a
single DPT for the film as function of the anisotropy of the
. . . bilinear exchange interaction in the Hamiltonian, indicatin
DPT. Below the DP.T at\=0.1€_3, in the dynamically disor- that the DPT is gr;{elated to a uniform crossover in the dynam?c
dered phaseR(Q) displays a single sharp peak centered OMresponse from that of an Ising-like spin system to that of a

Q=0. Above the DPT, at\=0.19, in the dynamically or- lassical Hei ; = f the si
dered phase, the order parameter distribution show two pealg assical Heisenberg spin system. For systems of the size

I d ate ith 0 H | h tudied here, the DPT as a function Afis discontinuous.
9cate at=(Q) with (Q) #0. However, close to the fcrar.15|- However, to definitively establish the discontinuous nature of
tion, atA=0.188,P(Q) has a three-peak structure, indicat-

. : g . ' this DPT would require a full finite-size scaling study that is
ing that the DPT as a function df is indeed discontinuous, beyond the scope of this work.

at least for systems of the size studied here.
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FIG. 4. Distribution of the order paramet®(Q) for Hy=1.0
andT* =0.6 with A=(a) 0.18,(b) 0.188, and(c) 0.19.

A recent study[21] of the kinetic spherical model in an
oscillatory magnetic field has shown that the oscillation of
IV. DISCUSSION the system magnetization will always be centered on zero.

The dynamic response of a ferromagnet to an oscillrcltor))_k:j'S |mp!|esilthatdthe (;qnﬁtlc sphgrlcal modelhcannotDsI;J_IQp%r]'g
external field can be viewed as a competition between tw@ dynamically ordered phase and so cannot have a DPT. This

time scales: the half period of the external field, which isshould also be true for the isotropic Heisenberg model. So in

proportional to the inverse driving frequency, and the aver—Order to exhibit both dynamically ordered and dynamically

age metastable lifetime of the system after a sudden fieldisordered phases \_N'th an assc_)cmed DPT, the Heisenberg
reversal. At low driving frequencies, the time dependen odel must_be SUb_JeCF fo a uniaxial anisotropy. Our \_/vork
magnetization oscillates about zero with the external ﬁeld.ShOWS that in a th|.n f'.lm where competing surface flelds
For high frequencies, however, the magnetization does ndthsure that magnetization reversal proceeq.s by domain wall
have time to switch sign during one-half period of the exter—mo.t'on’ there is a cr|t|'cal value fqr the bilinear exchange
nal field and so oscillates about one or the other of its degnlsotropy/\_below Wh'(?h there \.N'" be no DPT. Further-
generate zero-field values. This symmetry breaking correMore, this critical value_ is a fur]ctlon of the temperature and
sponds to a DPT and numerous studies of the kinetic Isingt,)he strength of the oscillatory field.
model[2-5] have shown the DPT to be continuous.

Korniss et al. [5] have demonstrated that the metastable
lifetime of the kinetic Ising model after a sudden field rever-  The authors would like to thank Thomas B. Woolf for his
sal depends on the temperature and the field amplitude. Forsupport and interest in this work.
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