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Quantitative analysis of the collective behavior in a micromagnetic model
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The basic features of the collective demagnetization processes~avalanches! taking place in magnetically
ordered systems are investigated in terms of a micromagnetic model of a textured polycrystalline material. The
model, considering anisotropy, exchange and Zeeman as well as magnetostatic contributions to the internal
energy of the system, is characterized by the possibility of the simultaneous nucleation of different avalanches
~at different regions of the system! and by the occurrence of time-dependent effects~associated with thermally
activated demagnetization!. We have considered a cyclically driven system in which we have quantified the
probability p(L) of nucleation of an avalanche of sizeL ~given by the number of grains which reverse their
magnetization through such an avalanche!. That probability depends on the time for which the system is
allowed to relax at every field value, on the total size of the system, and on the model parameters measuring
the intrinsic properties of the material. Depending on the ratio,r of a typical structural length~the grain size,
measured in number of moments per grain! to the correlation length characterizing the magnetic moment
structure, we were able of detect subcritical (r@1), supercritical (r!1), and critical (r.1) demagnetization
regimes. When the system is tuned~for instance, by varying its grain size! to the critical state, the size
distribution of the avalanches is characterized by the occurrence of scale invariance with respect to the total
size of the system. We have also investigated the statistics of the demagnetization process developing when the
system is kept under a constant demagnetizing field. In this particular case and in addition top(L), we obtained
the functionp(T) giving the probability of nucleation of an avalanche which propagates during a timeT. Our
results evidenced the presence of very long tails~of the logarithmic type! in both thep(L) and thep(T)
distributions, which were clearly correlated to the logarithmic relaxation of the total magnetization of the
system.@S0163-1829~97!01302-7#
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I. INTRODUCTION

The occurrence of remanence-type states and that o
associated coercivities are, from the standpoint of their us
practical devices, the more relevant characteristics of
magnetically ordered materials.1 Although related to the val-
ues taken by some intrinsic properties~as the saturation mag
netization, the anisotropy, and the exchange interactio!
both remanence and coercivity depend on2 a wide variety of
extrinsic features:~i! the crystalochemical properties of th
sample,~ii ! its macroscopic and microscopic morpholog
and ~iii ! the distribution of defects.3–5

There are several difficulties in the modelization
magnetization-reversal processes. First, the concrete dist
tion of extrinsic characteristics influencing the coercive fo
value is, generally, very difficult to know in detail. This
due both to the lack of experimental probes allowing one
measure the local anisotropy and/or exchange constants
to the wide range of morphological characteristics t
should be considered in order to account for the local dem
netizing effects. A second, and even more relevant, difficu
is related to the presence of both short-range~exchange! and
long-range~magnetostatic! interactions which can originat
the occurrence of collective demagnetization phenomena6

Considering now this last point, it has been proposed7–9

that the collective aspects of the demagnetization proce
550163-1829/97/55~2!/921~10!/$10.00
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could be discussed in the framework of self-organized cr
cality ~SOC!, a concept first introduced by Bak, Tang, an
Wiesefeld, widely analyzed in terms of cellular-automato
like models10,11and already brought to a range of phenome
going from martensitic transformations12 and earthquakes13

to water droplets14 and magnetic domain dynamics.8,9

From the phenomenological point of view the occurren
of SOC in a given dissipative system requires a large num
of metastable states. A slowly driven system possessing
property can evolve through successive transitions betw
these metastable states to reach a minimally stable one w
constitutes an attractor for its dynamics.15 At that critical
state the system reacts to any perturbation through a
quence of collective events~named avalanches! having a fi-
nite probability of~i! involving any fraction of the total num-
ber of degrees of freedom of the system and of~ii !
propagating during any time interval.10,16,17By analogy with
the phase transitions in finite-size systems~a phenomenology
which is linked to the lack of any characteristic time or sp
tial scale! it has been suggested that the probability distrib
tions of avalanche sizes and lifetimes should obey finite-s
scaling relationships. Let us remember too that, differen
from the regular critical behavior taking place at phase tr
sitions, SOC occurs spontaneously, that is, without the n
of tuning any of the system parameters.

In principle, magnetically ordered systems, and as a c
921 © 1997 The American Physical Society
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sequence of the fact that they possess a huge numbe
degrees of freedom, meet the basic requirements to ex
SOC. To make this point clear, let us remember that there
a number of experimental pieces of evidence18 about the fact
that the coherent rotation mechanism does not adequa
describe demagnetization processes; i.e., the different
grees of freedom of the magnetic systems do not couple
a few ones during magnetization reversal. Therefore, du
demagnetization the systems evolve in a very corrugated
ergy landscape with many local minima~the relevance of the
description in these terms of even the simpler magnetic
tems has been recently discussed in the context of the m
netic relaxation phenomenology19!. The elemental processe
involved in the transition between those minima are
nucleation and propagation of domain-wall-like structures20

To summarize the conclusions of the studies linking
magnetization and SOC we can reference~i! the works fo-
cusing on the so-called Barkhausen noise,21–23 which have
evidenced that the voltage induced in a pickup coil surrou
ing a soft sample submitted to a slowly cycled magnetic fi
exhibits self-similarity over two orders of magnitude in tim
~ii ! the random bond Ising models,24 where upon changing
the amount of disorder present in the system a phase tra
tion from a subcritical state to a supercritical one occur
~the state defining the transition was characterized by
occurrence of avalanches of all the possible sizes up to
of the system!, and ~iii ! the phenomenological model pro
posed by Bak and Flyvbjerg for the field-induced reorga
zation of magnetic domain patterns in perpendicular ani
ropy films8 which shows a subcritical self-organized state

Nevertheless, the question of the actual occurrence
SOC in magnetic systems is, to our opinion, still open.
make this point clear it is necessary to consider in detail
differences between the cellular automaton models~sandpile
models! clearly exhibiting SOC and the realistic models
magnetic systems. A first difference is related to the way
which avalanches are triggered: In the case of the sand
models a certain part of the system is perturbed and
perturbation can~or not! result in a propagating avalanch
The sandpile models are in most cases very slowly dri
which means that once nucleated an avalanche is follo
~without any further nucleation! until the system become
stable again. In contrast with this in an experiment there
not any restriction to the simultaneous triggering and pro
gation of several collective demagnetizing processes ta
place in different regions of the sample. This is due, fun
mentally, to the fact that the whole system is under the ac
of the perturbating agent, i.e., the applied magnetic field. T
simultaneous occurrence of avalanches nucleated at diffe
points of the sample leads to the possibility of avalanc
coalescence. A second difference is related to the fact th
sandpile models a given avalanche links two essenti
equivalent states. Differently from this, the demagnetizat
avalanches link the remanent~metastable! states with the
fully reversed one which, for an applied demagnetizing fie
constitutes the absolute energy minimum. Regarding thi
is important to remark that whereas the sandpile models
essentially transport models, demagnetization models sh
not be included in this category. Thus, a technique glob
detecting the collective demagnetization processes canno
general, distinguish between a single large avalanche
of
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several simultaneous small ones. From this, it becomes q
evident that a comparison between the predictions o
cellular-automaton-like model and the experimental res
presented in Ref. 22 seems not to be appropriate. It is
interesting to recall that the critical behavior found in t
random bond Ising models should not be considered as
organized since the observation of criticality~wide probabil-
ity distributions of avalanche sizes, and lifetimes! requires in
those models the tuning of the degree of the disorder pre
in the system. To summarize our point, and to the best of
knowledge, there is no nonphenomenological model discu
ing SOC in magnetic systems and allowing the occurrenc
avalanche coalescence~an experimental discussion on co
lescing propagating water droplets avalanches is presente
Ref. 14, whereas Ref. 25 gives a theoretical report wh
thoroughly analyzes coalescing avalanches in sandpile m
els driven at different rates!.

Our aim in the present work is to analyze in terms o
micromagnetic model the collective demagnetization beh
ior of sets of exchange and magnetostatically coupled u
~grains!, each one of them having internal structure. In o
model the whole system is under the action of an app
field ~which is cyclically varied! and its evolution is followed
by means of a Monte Carlo algorithm. From the evolution
the system under the action of the field we will evaluate
variation of the probability distributions of avalanche siz
and lifetimes as a function of the size of the system and
parameters giving the intensity of the intergrain couplin
The examination of those distributions will allow us to co
clude about the occurrence of critical demagnetization. A
and since our model allows thermal activation,19 we will
examine the time evolution of the collective demagnetizat
under constant~nonzero! demagnetizing fields.

II. DESCRIPTION OF THE MODEL

Our simulations have been carried out in the framew
of the micromagnetic approximation,26 a family of models
which are widely used to study the phenomenology of m
netic hysteresis in quite realistic terms. Although not stric
tly realistic ~the degree of details of the microstructure d
scription is limited by the available computing power!, these
models allow one to explore the basic hysteretic propertie
permanent magnet materials. The concrete model we u
was proposed in Refs. 27 and 28 and sucessfully exploite
the study of thermally activated demagnetizati
processes.19,29,30 The modeled system consisted of a lo
chain of parallel planes, each one representing an ato
plane. Intraplane and interplane exchange constants w
considered infinite and finite, respectively, which rende
the model one dimensional~1D!, although the individual
magnetic moments representing each plane were allowe
orient in 3D. The geometry of the model and the conside
reference system are illustrated in Fig. 1. The chain ofN
planes~each one of them can be represented by a sin
magnetic moment due to the infinite intraplane exchange! is
organized in grains, each one havingN1 planes~magnetic
moments! and a particular easy-axis orientation. Thus, t
grain boundaries are defined by discontinuities in the lo
easy axis orientation. The total energy of the system per
area of the infinite planes, measured in interplanar dista
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55 923QUANTITATIVE ANALYSIS OF THE COLLECTIVE . . .
units and normalized to the maximum anisotropy energy,
be given in spherical coordinates as

E5
1

2 (
i51

N

sin2a i2h (
i51

N

cos~p2u i !2a (
i51

N21

cosb i ,i11

1
m

2 (
i51

N

sin2u isin
2f i , ~1!

whereu i andf i are the polar and azimuthal angles, cor
sponding to thei th moment. The first term in Eq.~1! de-
scribes the anisotropy energy which we will consider
uniaxial. Herea i stands for the angle between the directi
of the i th magnetic moment and the direction of the cor
sponding local easy axis. The second term is the Zee
energy ~magnetic field applied along the2OZ direction!
which is unidirectional and proportional to coefficienth
which gives the applied field in units of the anisotropy fie
The third term is an exchange energy whose magnitud
given by coefficienta, the exchange-to-anisotropy energ
ratio, and where we take into account only first-neighb
interactions. In this third term,b i ,i11 denotes the angle be
tween the moments at thei th and~i11!th sites:

cosb i ,i115cosu icosu i111sinu isinu i11cos~f i2f i11!. ~2!

Finally, the last term in Eq.~1! represents the magnetosta
energy.29 Although this term corresponds in general to
many-body interaction, in the 1D case it can be reduced
local form. The magnitude of the magnetostatic energy
measured by coefficientm, the square of the magnetization
to-anisotropy ratio.

In all the particular systems we have studied we cons
ered textured sets of grains, with Gaussian distributions
easy axes, centered along theOZ axis ~see Fig. 1! and hav-
ing a polar width of 20°. The considered values of the p
rameters measuring the exchange and magnetostatic
plings corresponded to highly anisotropic materials~we have
considered a constant value of the anisotropy constant
therefore variations of thea andm parameters were linked t
variations of the exchange constant and of the magnetiza
respectively!. The hysteretic behavior of the different sy
tems was followed by using a Monte Carlo algorithm w
Metropolis dynamics in a canonical ensemble~at a constant

FIG. 1. Sketch of the geometry of the model and refere
system used.
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temperature corresponding to 1024 of the maximum anisot-
ropy energy attainable by the system!.

III. AVALANCHES IN CYCLICALLY DRIVEN SYSTEMS

The simulation of the demagnetization process was c
ried out considering free boundary conditions at both end
the system. Starting point of the simulation corresponded
all the magnetic moments pointing parallel to their local ea
axes, having positive projections along theOZ axis and un-
der an applied demagnetizing~negative projection along the
OZ axis! field value. At this field value the system was a
lowed to relax during a given number of Monte Carlo ste
@a Monte Carlo step~MCS! is defined as the process corr
sponding to the consecutive introduction of random mod
cations in the coordinates describing all degrees of freed
of the system#. After this relaxation stage the demagnetizin
field was increased byDh and the system was allowed t
relax again for the same number of MCS. The random mo
fications of the orientation of the magnetic moments used
elemental mechanism for the accomplishment of the re
ation were introduced by changing their polar and azimut
angles in62.5°. This arbitrary choice resulted in a percen
age of moves accepted by the Monte Carlo algorithm of
order of 50%. After this the demagnetization field was inc
mented and the relaxation procedure repeated until all
grains of the system became in the ‘‘magnetization-rever
state’’ ~see Fig. 2 for an example of a hysteresis cycle!. For
the i th grain, the magnetization-reversed state was define
that corresponding to a negative magnetization va
Mi5(mi /N1 ~wheremi are the components along theOZ
axis of all the magnetic moments in thei th grain!, verifying
Mi,2cos21(um1p/4). This condition is based on the orien
tation of an isolated moment~having exclusively anisotropy
and Zeeman contributions to its internal energy!, initially
oriented along its easy axis~forming an angle ofum degrees
with the OZ axis!, and which, due to the increase of th
magnitude of a demagnetizing field pointing along2OZ,
undergoes an irreversible rotation towards the field directi

Finally, and for statistical purposes, ensemble avera
over a large number of equivalent systems~typically 2000
and in some cases up to 5000! with different easy axis con-
figurations were performed.

e
FIG. 2. An example of the demagnetization branch of a hys

esis loop of our system. The parameters of the simulation
N153, N5120, a52,m50.3, Dh50.01 andDMCS5500.
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A. Rule for the evaluation of the avalanche size

Direct examination of the magnetic moment configurat
of our system during the development of demagnetiza
reveals that reversal takes place through the following
quence:~i! rotation towards the field direction of the ma
netic moments inside a given grain~a ‘‘rapid’’ process, tak-
ing typically place in some tens of MCS! and ~ii !
propagation of the 180° domain-wall-like structures sepa
ing a pair of reversed-unreversed grains~a much slower pro-
cess, developing during MCS, ranges going from sev
hundreds up to several thousands of MCS!. We will identify
the latter demagnetization process, being of collective nat
with the occurrence of avalanches. To illustrate graphica
the propagation of those avalanches, we will mark with
solid circle ~see Fig. 3! all the grains in our system whic
have reversed their magnetization~in the previously dis-
cussed sense! after the relaxation stage corresponding to
given field value. The evolution of these marks with the s
cessive fields gives an idea of the size and localization in
system of the propagating avalanches.

In Fig. 3 it is clearly seen that unlike most models
sandpiles, we have the possibility of avalanche nucleatio
different points of our micromagnetic system. The coex
ence of the propagation stage of several avalanches nucle
at slightly different fields is possible too. Thus, we shou
consider two different regimes in the evolution of the sy
tem: an initial one~taking place at small field values! corre-
sponding to demagnetization through nonoverlapping a
lanches and a second one where avalanches coalesce. H
this in mind, we will introduce the following rule to evaluat
the sizes of the avalanches: If a pair of simultaneously nu
ated domain walls propagate during several relaxation sta
~corresponding to different consecutive field values!, we will
consider that the size of the associated avalanche coinc
with the number of grains swept by the walls until the r
versed region gets stable~the next relaxation stage does n
lead to the reversal of the grains limiting the reversed regi!
or it coalesces with a previously reversed~or simultaneously
reversing! set of grains. The rule introduces some round
off errors ~linked to the fact that the grains have intern
structure! but during our study it has proved to be simple a
useful to quantify the avalanche sizes. We should also p

FIG. 3. Schematic representation of the field-evolution of
magnetization of a field cycled system. The dots show the grain
the magnetization-reversed state. The parameters of the simul
areN153, N5300,a52,m50.3,Dh50.01, andDMCS5500.
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out that the avalanches of the size of the system have
been taken into consideration due to the fact that we are
able to discern by only observing its complete reversal if t
occurred through a single avalanche or if the reversal p
ceeded by a sequence of small ones.

B. Probability distributions of avalanche sizes and the basic
characteristics of its dependence

on the model parameters

The basic purpose of our study is the investigation of
probability p(L) corresponding to the occurrence of av
lanches of a given sizeL ~measured in the number of re
versed grains!. That probability will, in principle, be related
~i! to the rate at which the system is cyclically driven~that is,
to the combination of the size of the demagnetizing fie
incrementDh and of the duration, measured in MCS, of th
relaxation stage,D MCS!, ~ii ! to the total size of the system
S~measured in number of grains!, and ~iii ! to the particular
set of model parameters describing the intergrain interact

In order to illustrate the first mentioned dependence
present in Figs. 4 and 5 results corresponding to the pr
ability distributions of avalanche sizes evaluated in syste
which were driven at the sameDh and differentD MCS
values. Data in Fig. 4 correspond to a system for which
relaxation stage with durationDMCS5200 was allowed. As

e
in
ion

FIG. 4. Distribution of avalaches sizes for ‘‘short’’ relaxatio
stage. The parameters of the simulation areN1510, N5600,
a52.0, m50.3,Dh50.01, andDMCS5200.

FIG. 5. Distribution of avalanche sizes for the ‘‘long’’ relax
ation stage. The parameters of the system areN1510, N51000,
a52.0,m50.3,Dh50.01, andDMCS54000.
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is clear from the figure under these particular conditions
probability of observing an avalanche of a given size
creases monotonically with an increase of the size of
avalanche and small size avalanches are mostly observe
the case of a longer relaxation stage~see Fig. 5! the prob-
ability distribution shows a maximum at a sizeLm and spans
for a larger avalanche size range~depending on the mode
parameters that range can go up to the total size of the
tem!. Taking into account these results and in order to obt
nontrivial information about our systems we have chosen
following set of field cycling parameters:Dh51022 and
DMCS5500. These values were sufficient to observe, in
ery studied system and at every field value, several a
lanches. Those avalanches led to the magnetization rev
of, at least, 5% of the total number of grains in the cons
ered system. For these relaxation conditions the typical p
ability distribution of avalanche sizes evaluated in su
ciently large systems has a maximumLm . In close relation
to the previous remarksLm grows when we increase th
duration of the relaxation stage~see Fig. 6!.

The most probable avalanche sizeLm depends also on th
a andm parameters. As far as thea parameter describes th
exchange coupling~and, more concretely, the exchange co
pling at the grain boundaries! the probability corresponding
to the occurrence of the complete reversal of a pair
reversed-unreversed neighboring grains increases with
increase ofa. This, in turn, leads to the increase witha of
the size of the most probable avalanche~see Fig. 7!.

Regarding the influence onp(L) of them parameter we
should point out that the magnetostatic one is, in order
magnitude, the smaller contribution to the system inter
energy. It represents, nevertheless, a long-range intera
and its role is crucial in the determination of the particu
domain structure present in a given magnetic system a
consequently, in that of many of the characteristics of
hysteretic behavior. From the point of view of the collecti
behavior, magnetostatic interactions tend to reinforce the
tergranular coupling effect of the exchange interactions, t
leading to a shift of thep(L) distribution towards larger
avalanche sizes. Due to the large degree of texture of
distribution of local easy axes we considered, the effect o
variation of the magnetization is, in our particular syste
weak: According to our results, the variation of them pa-

FIG. 6. Size of the most probable avalanche vs the numbe
Monte Carlo steps. The parameters of the simulation
N1510, N54000, a51.0, m50.3, andDh50.01.
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rameter from 0.1 to 0.35 (a52,Dh50.01,DMCS5500) is
associated with an increase of theLm value from 7 to 8.

Finally, the dependence of the probability distribution
avalanche sizes on the total size of the system,S, is pre-
sented in Fig. 8. A markedly different behavior was observ
for small and large system sizes. More concretely, in the c
of the smaller systems, the distribution exhibits some str
ture which we suggest is related to finite-size effects~as the
preferred nucleation of avalanches at the two extremes of
system!, to the observed reproducibility of the sequence
avalanches~which is linked to the effectiveness as pinnin
centers of the grain boundaries with a large associa
change in the local easy axis direction!, and to the rounding
errors which are inherent to our avalanche size evalua
rule. As the size of the system increases the distribution
comes smoother andLm increases with an increase ofS,
reaching a saturation for sufficiently large systems. This
result is a direct consequence of the possibility of simu
neous nucleation and propagation of avalanches which
later coalesce.

Avalanche overlapping and, again, our avalanche s
evaluation rule lead to the invariance, whenS@Lm , of the
probability distribution of avalanche sizes with the total si

of
e

FIG. 7. Distribution of avalanche sizes for different valu
of the exchange parametera:(s)a51.5, (n)a52.5, and
(d)a55.0. The parameters of the simulation areN1510,
N5800, m50.3, Dh50.01,DMCS5500.

FIG. 8. Distribution of avalanche sizes for the system of sm
@~d!S510 grains# and large @~h!S5120 grains, ~3!S5200
grains# sizes. The parameters of the simulation areN1510,
a51.0,m50.3, Dh50.01, andDMCS5500.
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926 55J. M. GONZÁLEZ, O. A. CHUBYKALO, AND J. GONZÁLEZ
of the system~see Fig. 8!. The observation of this invarianc
effectively reduces, in which concerns the growth of av
lanches, the total size of the system to a value which is of
order of the saturation value of the variation ofLm with S.

C. Examination of the occurrence of a critical state

In our search for the possible occurrence of critical d
magnetization~always in systems having a maximum tot
sizeS.Lm) we have taken into account the relationship b
tween the correlation lengths associated with the magn
interactions and those corresponding to the particular mi
structure of our system. Regarding the magnetic correla
lengths we can define those linked to the exchange,l ex, and
magnetoelastic,l dip , interactions, as

l ex}AA/K ~3!

and

l dip}Am0Ms
2/2K, ~4!

respectively. Both correlation lengths give the order of m
nitude of the spatial dimensions of a magnetic moment st
ture which is nucleated from a saturated state in a system
which that nucleation process is essentially ruled by each
of the two interactions. In our particular case and consider
the high degree of texture of our model system~let us re-
member that the easy axis distribution is contained in a c
having an apex angle of 20°) and the consequential fact t
at the remanent states, the magnetic moment distribution
not exhibit large discontinuities in the orientation of the loc
moments, we do not expect a large influence of the mag
tostatic interactions on the demagnetization process.
weak influence of those interactions on the nucleation p
cess was confirmed by a recent study of the coercitivity
the same model system30 which evidenced the fact that th
coercive force of the system changed only in 1022 of the
anisotropy field when the magnetization was increased
50% field. Therefore, the correlation length relevant to
scribe the demagnetization of our system will bel ex. To give
a concrete expression for this correlation length we h
taken into consideration the typical inhomogeneities pres
in the magnetic moment configuration prior to the onset
the reversal process, those present at the grain bound
and associated with the transition between two differen
oriented local easy axes. An estimation for the typical wid
of such domain-wall-like structures is

l ex5umAA/K5umAa. ~5!

Taking this into account we define a coefficientr giving
the ratio of the most characteristic structural length, the gr
sizeN1, to l ex as

r5N1 /umAa. ~6!

Next, we will examine the statistics of the collective d
magnetization for~i! r@1, ~ii ! r!1, and~iii ! r.1. Besides
this, for a given set of parameters, we should limit oursel
to systems sizes of the order of the most probable avalan
size in order not to have too many coalescing events an
obtain a behavior as close as possible to that of a slo
-
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driven system. The concrete region of model parame
we explored was defined by 2,N1,10, 1,a,20, and
0.10,m,0.35.

If r@1, the thickness of the propagating domain w
@given byp l ex/um ~Ref. 31!# is smaller than the size of a
individual grain~it is, in fact, of the order of the interplana
distance!. Also, if we consider always systems having t
sameN1 value, the achievement of ther@1 condition cor-
responds to small exchange values. In this case, due to
small intergranular coupling and the large efficiency as p
ning centers of the grain boundaries only small size a
lanches occur@see Figs. 9~a! and 9~b!, where a particular
example of the field evolution of the avalanche distributi
and the associated demagnetizing branch of the hyste
loop are shown#. An example of the distribution of avalanch
sizes corresponding to this limit is presented in Fig. 10. As
possible to observe there, the distribution of avalanche s
decreases exponentially and does not depend on the tota
of the system. By analogy with the behavior of the cellu
automaton models of sandpiles we will consider that the
magnetization in systems characterized byr@1 is of the
subcritical type.

The opposite limitr!1 is characterized by the occurrenc
of a strong intergranular coupling and large domain w
thicknesses~which are much larger than the grain size!.
Then, all the grains have a marked tendency to couple du
the magnetization reversal in a unique, system-sized a
lanche. This behavior is illustrated in Figs. 11~a! and 11~b!.

FIG. 9. ~a! Schematic representation of the avalanches in
subcritical state. The parameters of the simulation
N153, N5240, a50.1, m50.3, Dh50.01, and DMCS5500.
~b! Demagnetization branch corresponding to the avalanches of~a!.



s
y
em

e
t
tio
cr

he

der
he
se
en-
ur-
ilar
by
e
s

ess
re

tant
of
-

te

th

te

re

55 927QUANTITATIVE ANALYSIS OF THE COLLECTIVE . . .
Of course in this limit the probability distribution function i
d-like, peaking at the system size. Again, and analogousl
the behavior of sandpile models, we will consider a syst
verifying r!1 as being supercritical.

Whenr.1 @see Fig. 12~a!# the distributions of avalanch
sizes cover the full possible range from one grain up
the complete size of the system. The demagnetiza
process seems then to take place in this case through a

FIG. 10. Distribution of avalanche sizes in the subcritical sta
The parameters of the simulation areN153, a50.1, m50.3,
Dh50.01, andDMCS5500. ~s!S540 grains and~h!S5150
grains.

FIG. 11. ~c! Schematic representation of avalanches in
supercritical state. The parameters of the simulation areN153,
N5120, a5100, m50.3, Dh50.01, andDMCS540000. ~b!
Demagnetization branch corresponding to the avalanches of~a!.
to

o
n
iti-

cal mechanism. It is interesting to point out that, for t
different systems verifying ther.1 condition we have con-
sidered,Lm is always close toS/2. This result is related to
the low rate of avalanche nucleation observed un
these simulation conditions: We observe, typically, t
nucleation of only two avalanches for field cycle. Tho
avalanches have sizes which are approximately complem
tary with respect to the total size of the system. The occ
rence of criticality when the system is tuned to have sim
structural and magnetic correlation lengths is confirmed
the fact that thep(L) distributions exhibit scale invarianc
@as shown in Fig. 12~b!#. The considered scaling function i
of the form

p~L !5S2b f ~L/Sn!. ~7!

The critical exponents obtained from the scaling proc
of our simulation data, being both of them close to 1, a
clearly related to theLm5S/2 relationship.

IV. AVALANCHES IN RELAXATIONAL PROCESSES

Direct examination of the time~MCS! evolution of the
configuration of the system when it relaxes under a cons
applied demagnetizing field of magnitude similar to that
the coercive force~Fig. 13! reveals the occurrence of ava

.

e

FIG. 12. ~a! Distribution of avalanche sizes in the critical sta
for systems of different sizes:~s!S520 grains,~h!S530 grains,
and ~n!S540 grains. The parameters of the simulation a
N153, a52.0,m50.3, Dh50.01, andDMCS5500.~b! Scaling
of the results in~a!.
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lanches and avalanche coalescence~the nucleation of the firs
avalanches takes always place after a certain waiting ti
which evidences the non-Arrhenius relaxation dynamics19!.
We have quantified those collective phenomena by eval
ing their size distributionp(L) and their duration distribution
p(T) ~the probability of observing an avalanche whi
propagates for a timeT). We should point out here that i
this relaxational process the time analogous to the disc
field increment we considered in the case of the cyclica
driven system is not well defined~an adequate time interva
between successive observations of the system should a
to divide a large avalanche into many small ones or to add
many small uncorrelated demagnetization events!. We have
arbitrarily chosenDMCS5100.

The p(L) andp(T) distributions corresponding to differ
ent values of the external field are shown in Figs. 14~a! and
14~b!, respectively. As can be seen in those figures the a
lanches occur in lage time intervals and have a broad di
bution of sizes with a logarithmiclike tails~see Fig. 15!. This
fact is in close relation to the time dependence of the to
magnetization of similar systems which exhibits a logari
mic decay ~Fig. 16!. Also in Figs. 14~a! and 14~b!, it is
possible to observe that when the field is increased the
tem is less stable at the remanence-type states and ther
the demagnetization avalanches are larger in size and sh
in duration.

Finally, we should remark that the avalanche size a
duration distribution functions are system size invaria
@see Figs. 17~a! and 17~b!#. To our opinion this fact is linked
to the occurrence in our system of different easy axis disc
tinuities across the grain boundaries which act as mult
centers~with distributed efficiencies! for avalanche nucle-
ation.

V. CONCLUSIONS

We have quantified the collective demagnetization p
nomenology occurring in a micromagnetic model of a te
tured polycrystal which was submitted to a cyclic magne
field. The basic tool for that was the introduction of a ru
allowing us to evaluate the avalanche sizes from previ
knowledge of the magnetic moment configuration obtain
by relaxing the system at each successive field value.

FIG. 13. Schematic representation of avalanches in a rela
system. The parameters of the simulation areN153, N5180,
a52.0,m50.3,h50.7, andDMCS5100.
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have investigated the influence on the distribution of a
lanche sizes of~i! the time the system relaxes at every fie
value,~ii ! the micromagnetic parameters giving the intrins
properties of the material~such as the exchange parame
a and the magnetostatic constantm), and~iii ! the total sys-
tem size. From the corresponding results we conclude tha~i!
whereas short-time relaxations exclusively allow the dev
opment of small avalanches, larger relaxation stages h
associated avalanche sizes distributions exhibiting a m
probable avalanche sizeLm , which increases with the mag

g

FIG. 14. ~a! Distribution of avalanche sizes in a relaxing syste
for different values of applied demagnetized field@~s!h50.68,
~h!h50.7, and~,!h50.74. Theparameters of the simulation ar
N153,N5180,a52.0,m50.3, andDMCS5100.~b! The same as
in ~a! but for the distribution of avalanches durations.

FIG. 15. Logarithmic fit of the curve corresponding
h50.74 in Fig. 14~a!.
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nitude of the relaxation time, thea parameter, and~more
weakly! with the m parameter,~ii ! the occurrence of ava
lanche coalescence in sufficiently large systems leads
saturation of theLm value, and~iii ! the occurrence of ava
lanche coalescence reduces the effective size of the syste
the sense that large size systems~systems having a dimen
sion clearly larger than the typical avalanche size for wh
avalanches overlap! have identical avalanche size distrib
tions.

From the examination of the distribution of avalanc
sizes obtained in systems withS.Lm and having different
values of the ratio of the structural-to-magnetic correlat
lengths, it was possible to conclude about the occurrenc
different collective demagnetization behaviors. When
system parameters,~and basically the exchange paramet!
are tuned to a situation in which both correlation lengths
of similar magnitude we detect the occurrence of critical
havior in the sense that the distributions of avalanche s
span the whole size of the system and are scalable. Since
phenomenology is associated to a limited set of model
rameters we cannot consider the critical behavior as s
organized. Large and small values for the above-mentio
ratio between the characteristics lengths of the system lea
subcritical ~predominance of small avalanches! and super-
critical ~predominance of system-sized avalanches! behav-
iors, respectively.

We have also followed the collective demagnetizat
during the relaxation of the system at constant applied
magnetizing field. The distributions of avalanche sizes a
durations exhibited long logarithmic tails which depended

FIG. 16. Time ~MCS! dependence of the magnetizatio
plotted as a function of ln~MCS1MCS0!. The parameters of the
simulation are:N1550, N5104, a52.0, m50.3, Dh50.01,
andDMCS5500.
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the applied field value but not on the system size. From
and the clear correlation of the avalanche distribution ch
acteristics to the time dependence of the magnetization
conclude that during relaxation collective demagnetization
linked to the presence of distributed centers of avalan
nucleation.
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FIG. 17. ~a! Distribution of avalanche sizes for a relaxing sy
tems having different system sizes@~d!S560 grains,~h!S5100
grains, and~,!S5150 grains#. The parameters of the simulatio
are N153, a52.0, m50.3, h50.74, DMCS5100. Fig. 17~b!
The same as in Fig. 17~a! but for the distribution of avalanche
durations.
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