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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 procdsseanchestaking 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 systgrand by the occurrence of time-dependent eff¢associated with thermally
activated demagnetizatipnWe have considered a cyclically driven system in which we have quantified the
probability p(L) of nucleation of an avalanche of sike(given by the number of grains which reverse their
magnetization through such an avalanchEhat 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 ratiof, a typical structural lengtithe grain size,
measured in number of moments per gyaio the correlation length characterizing the magnetic moment
structure, we were able of detect subcriticab(1), supercritical (<1), and critical (=1) demagnetization
regimes. When the system is tunédr instance, by varying its grain sigdo 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 addijbi), teve obtained
the functionp(T) giving the probability of nucleation of an avalanche which propagates during artir®er
results evidenced the presence of very long t@fsthe logarithmic typgin both thep(L) and thep(T)
distributions, which were clearly correlated to the logarithmic relaxation of the total magnetization of the
system[S0163-18267)01302-7

I. INTRODUCTION could be discussed in the framework of self-organized criti-
cality (SOQ, a concept first introduced by Bak, Tang, and
The occurrence of remanence-type states and that of th&iesefeld, widely analyzed in terms of cellular-automaton-
associated coercivities are, from the standpoint of their use itike model$®*and already brought to a range of phenomena
practical devices, the more relevant characteristics of thgoing from martensitic transformatiolfsand earthquaké$
magnetically ordered materialAlthough related to the val- to water droplet¥ and magnetic domain dynamits.
ues taken by some intrinsic properti@s the saturation mag- From the phenomenological point of view the occurrence
netization, the anisotropy, and the exchange interagtionsof SOC in a given dissipative system requires a large number
both remanence and coercivity depend arwide variety of  of metastable states. A slowly driven system possessing that
extrinsic features(i) the crystalochemical properties of the property can evolve through successive transitions between
sample,(ii) its macroscopic and microscopic morphology, these metastable states to reach a minimally stable one which
and (iii ) the distribution of defectd:® constitutes an attractor for its dynamiCsAt that critical
There are several difficulties in the modelization of state the system reacts to any perturbation through a se-
magnetization-reversal processes. First, the concrete distribguence of collective event®iamed avalanchg$aving a fi-
tion of extrinsic characteristics influencing the coercive forcenite probability of(i) involving any fraction of the total num-
value is, generally, very difficult to know in detail. This is ber of degrees of freedom of the system and (o)
due both to the lack of experimental probes allowing one tqropagating during any time intervit®’By analogy with
measure the local anisotropy and/or exchange constants atlte phase transitions in finite-size syste@ghenomenology
to the wide range of morphological characteristics thatwhich is linked to the lack of any characteristic time or spa-
should be considered in order to account for the local demagial scalg it has been suggested that the probability distribu-
netizing effects. A second, and even more relevant, difficultytions of avalanche sizes and lifetimes should obey finite-size
is related to the presence of both short-raf@ehanggand  scaling relationships. Let us remember too that, differently
long-range(magnetostaticinteractions which can originate from the regular critical behavior taking place at phase tran-
the occurrence of collective demagnetization phenorfiena. sitions, SOC occurs spontaneously, that is, without the need
Considering now this last point, it has been propdsgd of tuning any of the system parameters.
that the collective aspects of the demagnetization processes In principle, magnetically ordered systems, and as a con-
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sequence of the fact that they possess a huge number séveral simultaneous small ones. From this, it becomes quite
degrees of freedom, meet the basic requirements to exhib#vident that a comparison between the predictions of a
SOC. To make this point clear, let us remember that there areellular-automaton-like model and the experimental results
a number of experimental pieces of evidefi@bout the fact presented in Ref. 22 seems not to be appropriate. It is also
that the coherent rotation mechanism does not adequateipteresting to recall that the critical behavior found in the
describe demagnetization processes; i.e., the different déandom bond Ising models should not be considered as self-
grees of freedom of the magnetic systems do not couple intgrganized since the observation of criticalityide probabil-

a few ones during magnetization reversal. Therefore, duriniﬁ’ distributions of avalanche sizes, and lifetimesquires in

demagnetization the systems evolve in a very corrugated ef0S€ models the tuning of the degree of the disorder present
in the system. To summarize our point, and to the best of our

ggnowledge, there is no nonphenomenological model discuss-
tems has been recently discussed in the context of the ma 19 SOC in magnetic systems and allowing the occurrence of
valanche coalescen¢an experimental discussion on coa-

netic relaxation phenomenolofjy. The elemental processes lesci i ter droplet lanches | di
involved in the transition between those minima are thec>¢"d Propagating water droplets avalanches is presented in

nucleation and propagation of domain-wall-like structuffes. Eef. 14,hlwherelas Ref. 2|5 gives a Itheof:etlc_al repgrt_lwhlcz
To summarize the conclusions of the studies linking de- I”g‘_*g y a:nda_lf%/zes ;:oatescmg avalanches in sandprie mod-
magnetization and SOC we can refererigethe works fo- els driven at different ratgs

cusing on the so-called Barkhausen ndis@3 which have Our aim in the present work is to analyze in terms of a

evidenced that the voltage induced in a pickup coll surround.[nicrom""gmatiC model the collective demagnetization behav-

ing a soft sample submitted to a slowly cycled magnetic field®" of sets of exchange and magnetostatically coupled units

exhibits self-similarity over two orders of magnitude in time, (graing, each one of them_ having internal_structure. In our
(i) the random bond Ising model$where upon changing model the whole system Is under the action of an applied
. eld (which is cyclically variegland its evolution is followed

the amount of disorder present in the system a phase trans] . ;
b y P y means of a Monte Carlo algorithm. From the evolution of

tion from a subcritical state to a supercritical one occurre ¢ der th "  the field i | h
(the state defining the transition was characterized by th e system under the action of the field we will evaluate the

occurrence of avalanches of all the possible sizes up to thé’?riaﬁon of the probability distributions of avalanche sizes
of the systeny and (jii) the phenomenological model pro- and lifetimes as a function of the size of the system and the

posed by Bak and Flyvbjerg for the field-induced rec’rgani_parameters giving the intensity of the intergrain coupling.

zation of magnetic domain patterns in perpendicular anisot] N€ examination of those distributions will allow us to con-

ropy filme which shows a subcritical self-organized state. clude about the occurrence of critical demagnetization. Also,

Nevertheless, the question of the actual occurrence offnd since our model allows thermal activatirwe wil

SOC in magnetic systems is, to our opinion, still open Toexamine the time evolution of the collective demagnetization

make this point clear it is necessary to consider in detalil théJnder constanfnonzerg demagnetizing fields.

differences between the cellular automaton modedsdpile

models)_clearly exhibiti_ng S_OC and t_he realistic models of Il. DESCRIPTION OF THE MODEL

magnetic systems. A first difference is related to the way in

which avalanches are triggered: In the case of the sandpile Our simulations have been carried out in the framework
models a certain part of the system is perturbed and thisf the micromagnetic approximatiéf,a family of models
perturbation carfor not) result in a propagating avalanche. which are widely used to study the phenomenology of mag-
The sandpile models are in most cases very slowly drivemetic hysteresis in quite realistic terms. Although not strick-
which means that once nucleated an avalanche is followetly realistic (the degree of details of the microstructure de-
(without any further nucleationuntil the system becomes scription is limited by the available computing poweghese
stable again. In contrast with this in an experiment there isnodels allow one to explore the basic hysteretic properties of
not any restriction to the simultaneous triggering and propapermanent magnet materials. The concrete model we used
gation of several collective demagnetizing processes taking/as proposed in Refs. 27 and 28 and sucessfully exploited in
place in different regions of the sample. This is due, fundathe study of thermally activated demagnetization
mentally, to the fact that the whole system is under the actioprocesses$®?**° The modeled system consisted of a long
of the perturbating agent, i.e., the applied magnetic field. Thehain of parallel planes, each one representing an atomic
simultaneous occurrence of avalanches nucleated at differeptane. Intraplane and interplane exchange constants were
points of the sample leads to the possibility of avalancheconsidered infinite and finite, respectively, which rendered
coalescence. A second difference is related to the fact that ithe model one dimensiondllD), although the individual
sandpile models a given avalanche links two essentiallynagnetic moments representing each plane were allowed to
equivalent states. Differently from this, the demagnetizatiororient in 3D. The geometry of the model and the considered
avalanches link the remanefinetastable states with the reference system are illustrated in Fig. 1. The chairNof
fully reversed one which, for an applied demagnetizing field planes(each one of them can be represented by a single
constitutes the absolute energy minimum. Regarding this, iinagnetic moment due to the infinite intraplane exchaige

is important to remark that whereas the sandpile models arerganized in grains, each one havihNg planes(magnetic
essentially transport models, demagnetization models shoultioment$ and a particular easy-axis orientation. Thus, the
not be included in this category. Thus, a technique globallygrain boundaries are defined by discontinuities in the local
detecting the collective demagnetization processes cannot, @asy axis orientation. The total energy of the system per unit
general, distinguish between a single large avalanche aratea of the infinite planes, measured in interplanar distance
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FIG. 2. An example of the demagnetization branch of a hyster-
FIG. 1. Sketch of the geometry of the model and referenceesis loop of our system. The parameters of the simulation are

system used. N;=3, N=120, a=2, m=0.3, Ah=0.01 andAMCS=500.
units and normalized to the maximum anisotropy energy, Caemperature corresponding to 0of the maximum anisot-
be given in spherical coordinates as ropy energy attainable by the system
N N N-1
E=3 21 sir’a; —h ;1 cogm—6;)—a ;1 COBi i +1 Ill. AVALANCHES IN CYCLICALLY DRIVEN SYSTEMS
N The simulation of the demagnetization process was car-
+ o > Sirfé;sirf ¢, , (1) ried out considering free_ boundary_condit_ions at both ends of
i=1 the system. Starting point of the simulation corresponded to

. all the magnetic moments pointing parallel to their local eas
where 6; and ¢; are the polar and azimuthal angles, corre- g P gp y

. . : : axes, having positive projections along @& axis and un-
spo_ndlng to thgth moment. The first term in Ed3) .de' der an applied demagnetizirigegative projection along the

S0z axi9) field value. At this field value the system was al-

uniaxiql. Herea; ;tands for the angle bgtwgen the direction) e 1 relax during a given number of Monte Carlo steps
of the ith magnetic moment and the direction of the corre-r; vonte Carlo stepMCS) is defined as the process corre-
sponding local easy axis. The second term is the Zeema&b

i field lied al h directi onding to the consecutive introduction of random modifi-
energy (magnetic field applied along the OZ direction  4iinns in the coordinates describing all degrees of freedom

which is unidirectional and proportional to coefficieht ot yhe systerh After this relaxation stage the demagnetizing
which gives the applied field in units of the anisotropy field. o4 \was increased byh and the system was allowed to

The third term is an exchange energy whose magnitude igy|5y aqain for the same number of MCS. The random modi-
given by coefficienta, the exchange-to-anisotropy energy ficaiions of the orientation of the magnetic moments used as
ratio, and where we take into account only first-neighborg|emental mechanism for the accomplishment of the relax-
interactions. In this third termg; ;. denotes the angle be- a4ion were introduced by changing their polar and azimuthal
tween the moments at thén and(i + 1)th sites: angles in+ 2.5°. This arbitrary choice resulted in a percent-
_ - - _ age of moves accepted by the Monte Carlo algorithm of the

CO i +1= COHCOT, 41 +SINGSING; - 1COS b= iva)- (D) e ok B0k, After this the demagnetization field was incre-
Finally, the last term in Eq(1) represents the magnetostatic mented and the relaxation procedure repeated until all the
energy?® Although this term corresponds in general to agrains of the system became in the “magnetization-reversed
many-body interaction, in the 1D case it can be reduced to atate” (see Fig. 2 for an example of a hysteresis cydor
local form. The magnitude of the magnetostatic energy igheith grain, the magnetization-reversed state was defined as
measured by coefficiemh, the square of the magnetization- that corresponding to a negative magnetization value
to-anisotropy ratio. M;=2m;/N; (wherem; are the components along tkaZ

In all the particular systems we have studied we considaxis of all the magnetic moments in thih grain), verifying
ered textured sets of grains, with Gaussian distributions oM;< —cos Y(6,,+n/4). This condition is based on the orien-
easy axes, centered along @& axis (see Fig. 1 and hav- tation of an isolated momeithaving exclusively anisotropy
ing a polar width of 20°. The considered values of the pa-and Zeeman contributions to its internal engrgitially
rameters measuring the exchange and magnetostatic coorented along its easy ax{forming an angle ob,, degrees
plings corresponded to highly anisotropic materigs have  with the OZ axis), and which, due to the increase of the
considered a constant value of the anisotropy constant andagnitude of a demagnetizing field pointing alorgDZ,
therefore variations of the andm parameters were linked to undergoes an irreversible rotation towards the field direction.
variations of the exchange constant and of the magnetization, Finally, and for statistical purposes, ensemble averages
respectively. The hysteretic behavior of the different sys- over a large number of equivalent systefhgically 2000
tems was followed by using a Monte Carlo algorithm with and in some cases up to 5000ith different easy axis con-
Metropolis dynamics in a canonical ensemlaé a constant figurations were performed.
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FIG. 3. Schematic representation of the field-evolution of the FIG. 4. Distribution of avalaches sizes for “short” relaxation
magnetization of a field cycled system. The dots show the grains istage. The parameters of the simulation &g=10, N=600,
the magnetization-reversed state. The parameters of the simulatié=2.0, m=0.3,Ah=0.01, andAMCS=200.
areN;=3,N=300,a=2, m=0.3,Ah=0.01, andAMCS=500.
out that the avalanches of the size of the system have not
A. Rule for the evaluation of the avalanche size been taken into consideration due to the fact that we are not
able to discern by only observing its complete reversal if this

Direct examination of the magnetic moment configuration, .., req through a single avalanche or if the reversal pro-
of our system during the development of demagnetizationqoqed by a sequence of small ones.

reveals that reversal takes place through the following se-
guence:(i) rotation towards the field direction of the mag-

netic moments inside a given graia “rapid” process, tak- B. Probability distributions of avalanche sizes and the basic

ing typically place in some tens of MGSand (ii) characteristics of its dependence

propagation of the 180° domain-wall-like structures separat- on the model parameters

ing a pair of reversed-unreversed grajasmuch slower pro- The basic purpose of our study is the investigation of the

cess, developing during MCS, ranges going from severahrobability p(L) corresponding to the occurrence of ava-
hundreds up to several thousands of MOSe will identify  |anches of a given size (measured in the number of re-
the latter demagnetization process, being of collective naturgsersed grains That probability will, in principle, be related
with the occurrence of avalanches. To iIIustr_ate graphi_cally(i) to the rate at which the system is cyclically driv¢hat is,
the propagation of those avalanches, we will mark with &g the combination of the size of the demagnetizing field
solid circle (see Fig. 3 all the grains in our system which incrementAh and of the duration, measured in MCS, of the
have reversed their magnetizatigim the previously dis- re|axation stageA MCS), (ii) to the total size of the system,
cgsseq sensafter the reIaxr:mon stage correspo_ndlng to ag(measured in number of grainsand (i) to the particular
given field value. The evolution of these marks with the SUCset of model parameters describing the intergrain interaction.
cessive fields gives an idea of the size and localization in the |, order to illustrate the first mentioned dependence we
system of the propagating avalanches. present in Figs. 4 and 5 results corresponding to the prob-
In Fig. 3 it is clearly seen that unlike most models of pjjity distributions of avalanche sizes evaluated in systems
sandpiles, we have the possibility of avalanche nucleation igyhich were driven at the sam&h and differentA MCS
different points of our micromagnetic system. The coexisty,gjues. Data in Fig. 4 correspond to a system for which a

ence of the propagation stage of several avalanches nucleatgqayation stage with duratiohMCS=200 was allowed. As
at slightly different fields is possible too. Thus, we should

consider two different regimes in the evolution of the sys-

tem: an initial ongtaking place at small field valugsorre- 0.03 o ' ' ' ‘ N
sponding to demagnetization through nonoverlapping ava- 0025 F 3
lanches and a second one where avalanches coalesce. Having r ]
this in mind, we will introduce the following rule to evaluate 0.02 [ ]

the sizes of the avalanches: If a pair of simultaneously nucle- :
ated domain walls propagate during several relaxation stages 55_ 0.015 E
(corresponding to different consecutive field valege will

consider that the size of the associated avalanche coincides 00l ¥ ]
with the number of grains swept by the walls until the re- 0.005 £ 3
versed region gets stablthe next relaxation stage does not ]
lead to the reversal of the grains limiting the reversed region 0k ' ' ' . 1

or it coalesces with a previously revers@d simultaneously 0 20 40 60 80 100

reversing set of grains. The rule introduces some rounding
off errors (linked to the fact that the grains have internal  FIG. 5. Distribution of avalanche sizes for the “long” relax-
structurg but during our study it has proved to be simple andation stage. The parameters of the systemMye 10, N= 1000,
useful to quantify the avalanche sizes. We should also poird=2.0,m=0.3, Ah=0.01, andAMCS=4000.
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FIG. 6. Size of the most probable avalanche vs the number of FIG. 7. Distribution of avalanche sizes for different values
Monte Carlo steps. The parameters of the simulation aref the exchange parametea:(O)a=1.5, (A)a=2.5, and
N,=10, N=4000, a=1.0, m=0.3, andAh=0.01. (®@)a=5.0. The parameters of the simulation arbl;=10,

N=800, m=0.3, Ah=0.01,AMCS=500.
is clear from the figure under these particular conditions the
probability of observing an avalanche of a given size detameter from 0.1 to 0.35a=2,Ah=0.01AMCS=500) is
creases monotonically with an increase of the size of thassociated with an increase of thg value from 7 to 8.
avalanche and small size avalanches are mostly observed. In Finally, the dependence of the probability distribution of
the case of a longer relaxation sta@gee Fig. 5 the prob- avalanche sizes on the total size of the syst&mis pre-
ability distribution shows a maximum at a sikg, and spans sented in Fig. 8. A markedly different behavior was observed
for a larger avalanche size ran¢@epending on the model for small and large system sizes. More concretely, in the case
parameters that range can go up to the total size of the sysf the smaller systems, the distribution exhibits some struc-
tem). Taking into account these results and in order to obtairiure which we suggest is related to finite-size effdetsthe
nontrivial information about our systems we have chosen th@referred nucleation of avalanches at the two extremes of the
following set of field cycling parameterssh=10"2 and  system, to the observed reproducibility of the sequence of
AMCS=500. These values were sufficient to observe, in evavalanchegwhich is linked to the effectiveness as pinning
ery studied system and at every field value, several avasenters of the grain boundaries with a large associated
lanches. Those avalanches led to the magnetization reversziange in the local easy axis directjpand to the rounding
of, at least, 5% of the total number of grains in the consid-errors which are inherent to our avalanche size evaluation
ered system. For these relaxation conditions the typical probrule. As the size of the system increases the distribution be-
ability distribution of avalanche sizes evaluated in suffi-comes smoother anll,, increases with an increase &
ciently large systems has a maximup,. In close relation reaching a saturation for sufficiently large systems. This last
to the previous remark& , grows when we increase the result is a direct consequence of the possibility of simulta-
duration of the relaxation stageee Fig. 8. neous nucleation and propagation of avalanches which can

The most probable avalanche slzg depends also on the later coalesce.

a andm parameters. As far as tleeparameter describes the  Avalanche overlapping and, again, our avalanche size
exchange couplingand, more concretely, the exchange cou-evaluation rule lead to the invariance, wh8#L,, of the
pling at the grain boundarigshe probability corresponding probability distribution of avalanche sizes with the total size
to the occurrence of the complete reversal of a pair of

reversed-unreversed neighboring grains increases with the 3 N —
increase ofa. This, in turn, leads to the increase wihof [ 3
the size of the most probable avalan¢kee Fig. 7. 020 b E
Regarding the influence go(L) of the m parameter we : 1
should point out that the magnetostatic one is, in order of 015 L R
. N . . o~ .
magnitude, the smaller contribution to the system internal i ]
energy. It represents, nevertheless, a long-range interaction &, 0.10 L Dﬁ/ X E
and its role is crucial in the determination of the particular Ut \é\g 1
domain structure present in a given magnetic system and, 0.05 C S?/< ]
consequently, in that of many of the characteristics of its F Xh R
hysteretic behavior. From the point of view of the collective C xz/ E\KK § ]
behavior, magnetostatic interactions tend to reinforce the in- 0'000 — 51 — '1'0' - s ' ‘20
tergranular coupling effect of the exchange interactions, thus L

leading to a shift of thep(L) distribution towards larger

avalanche sizes. Due to the large degree of texture of the F|G. 8. Distribution of avalanche sizes for the system of small
distribution of local easy axes we considered, the effect of @)S=10 graing and large [(0)S=120 grains, (X)S=200
variation of the magnetization is, in our particular system,graing sizes. The parameters of the simulation ag=10,
weak: According to our results, the variation of thepa- a=1.0,m=0.3, Ah=0.01, andAMCS=500.
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of the systenisee Fig. 8 The observation of this invariance 80

) 1 1 |
effectively reduces, in which concerns the growth of ava- E m” H””!”:H'””” E
lanches, the total size of the system to a value which is of the .& oF ““” T )
order of the saturation value of the variationlgf with S. & 80 F | S E
° 5o PR e 3
< E e 3
C. Examination of the occurrence of a critical state : 40 E ”“!!”!! !:, TTTTITTITIEEY 3
. " o E E
In our search for the possible occurrence of critical de- o 30 E m “”“,m.mmm 3
magnetization(always in systems having a maximum total 8 2 PHlgerererrnessencaaoanes 3
sizeS=L,,) we have taken into account the relationship be- § 2% F T T E
tween the correlation lengths associated with the magnetic < 10 | m” “ [ 3
interactions and those corresponding to the particular micro- ofF | LLIRRARIRLNAE] R
structure of our system. Regarding the magnetic correlation -0.90-0.85-0.80-0.75-0.70-0.65-0.60-0.55-0.50
lengths we can define those linked to the exchahge,and h
. . . (@)
magnetoelastid,q,, interactions, as .
T o T o B
| o VAIK (3
and g osEo . .
——— b
Idipoc /‘LOMS/ZK! (4) g 0 L N
-] -
respectively. Both correlation lengths give the order of mag- go r ]
nitude of the spatial dimensions of a magnetic moment struc- & 5 [ b
ture which is nucleated from a saturated state in a system in
which that nucleation process is essentially ruled by each one ro.
of the two interactions. In our particular case and considering e e e L L
the high degree of texture of our model systéet us re- b) 09 08 07 06 ~-05 -04 -0.3

member that the easy axis distribution is contained in a cone
having an apex angle of 20°) and the consequential fact that, £ 9. (a) Schematic representation of the avalanches in the
at the remanent states, the magnetic moment distribution will peritical  state. The parameters of the simulation are
not exhibit large discontinuities in the orientation of the localn, =3 N=240, a=0.1, m=0.3, Ah=0.01, and AMCS=500.
moments, we do not expect a large influence of the magnen) Demagnetization branch corresponding to the avalanchés.of
tostatic interactions on the demagnetization process. The
weak influence of those interactions on the nucleation pro
cess was confirmed by a recent study of the coercitivity i
the same model systéfhwhich evidenced the fact that the
e e o I 121, he thikness of the propagating dorman wl
. . iven I Ref. is smaller than the size of an
50% field. Therefore, the correlation length relevant to de- en by mlex/ Om (Ref. 3] is smaller than the size of a

ibe the d tizat f N ilbe To ai individual grain(it is, in fact, of the order of the interplanar
scribe the demagnetization of our system willlpe To give distance. Also, if we consider always systems having the

B e s gt o oy GAMeNs Valle,the achevement of -1 coniio cor-
yp 9 P esponds to small exchange values. In this case, due to the

't?]ethreevnéfgget'fogzrgemogznﬁ?eusrgg?gtpt“hog tor;i?]eb%r:fféa?ismall intergranular coupling and the large efficiency as pin-
and associatgd with ,the tranpsition betweengtwo differentl ﬁ%g centers of the grain boundaries only small size ava-
Yanches occufsee Figs. @) and 9b), where a particular

gpzﬂiehd(::g(rf;i?]i?/glﬁﬁszS?}chetitrl(?saitéon for the typical Wldthexample of the_ field evolution pf the avalanche distribution_
and the associated demagnetizing branch of the hysteresis
— g JATK — loop are showh An example of the distribution of avalanche
lex= OmVATK = O 2. © sizes corresponding to this limit is presented in Fig. 10. As is

Taking this into account we define a coefficiengiving ~ Possible to observe there, the distribution of avalanche sizes
the ratio of the most characteristic structural length, the graiflecreases exponentially and does not depend on the total size
sizeNjy, t0 |4 as of the system. By analogy with the behavior of the cellular

automaton models of sandpiles we will consider that the de-
r:Nl/gm\/a_ (6) magnetization in systems characterized 3y 1 is of the
subcritical type.

Next, we will examine the statistics of the collective de-  The opposite limit <1 is characterized by the occurrence
magnetization foki) r>1, (ii) r<1, and(iii) r=1. Besides of a strong intergranular coupling and large domain wall
this, for a given set of parameters, we should limit ourselveshicknesses(which are much larger than the grain gize
to systems sizes of the order of the most probable avalanchkhen, all the grains have a marked tendency to couple during
size in order not to have too many coalescing events and the magnetization reversal in a unique, system-sized ava-
obtain a behavior as close as possible to that of a slowlanche. This behavior is illustrated in Figs.(&land 11b).

driven system. The concrete region of model parameters
"we explored was defined by<2N;<10, 1<a<?20, and
0.10<m<0.35.



55 QUANTITATIVE ANALYSIS OF THE COLLECTIVE ... 927

0.70 é — T T T ] 0.1 : = : : : : :
0.60 F 3
s 3 0.08
0.50 [ 3
~ 040 F ] 0.06
2 : ] )
o L 1 ~—
030 F E = 004
0.20 | 3
010 F E 0.02
[ g1 .1 0
0 2 4 6 8 10 12
L (2)
FIG. 10. Distribution of avalanche sizes in the subcritical state.
The parameters of the simulation aM=3, a=0.1, m=0.3,
Ah=0.01, and AMCS=500. (0)S=40 grains and((])S=150
grains.
2
Of course in this limit the probability distribution function is %\
S-like, peaking at the system size. Again, and analogously to =
the behavior of sandpile models, we will consider a system e
verifying r<1 as being supercritical.
Whenr=1 [see Fig. 123)] the distributions of avalanche
sizes cover the full possible range from one grain up to
the complete size of the system. The demagnetization 0 02 04 06 08 1 12 14 16
process seems then to take place in this case through a criti(p) L/s*%
FIG. 12. (a) Distribution of avalanche sizes in the critical state
40 ¢ ! ‘ 1 ] E for systems of different size$0)S=20 grains,((J)S=30 grains,
c 35 F . 3 and (A)S=40 grains. The parameters of the simulation are
© 30 3 3 N;=3,a=2.0,m=0.3,Ah=0.01, andAMCS=500. (b) Scaling
o E of the results in(a).
s 20 - E cal mechanism. It is interesting to point out that, for the
5 15 [ E different systems verifying the=1 condition we have con-
.zé: 10 3 E sidered,L, is always close td&/2. This result is related to
5 E 3 the low rate of avalanche nucleation observed under
< 5F . these simulation conditions: We observe, typically, the
o r—F—W——F————m—m——rrr nucleation of only two avalanches for field cycle. Those
-0.95 -0.93 -0.91 -0.89 -0.87 -0.85 -0.83 -0.81 avalanches have sizes which are approximately complemen-
(@ h tary with respect to the total size of the system. The occur-
rence of criticality when the system is tuned to have similar
1 e structural and magnetic correlation lengths is confirmed by
[ eeseerrettt ] the fact that thep(L) distributions exhibit scale invariance
i ] [as shown in Fig. 1()]. The considered scaling function is
& or ] of the form
P L ]
S ]
> o r 5 p(L)=S#f(L/S"). (7)
2 ]
S ]
£ .05 | . The critical exponents obtained from the scaling process
L ] of our simulation data, being both of them close to 1, are
i clearly related to thé ,,= S/2 relationship.
-0.95—0.I90-0.I85-0.l80-0.l75-0.I70-0.‘65-O.160-0.55
(b) h IV. AVALANCHES IN RELAXATIONAL PROCESSES

FIG. 11. () Schematic representation of avalanches in the Direct examination of the tim¢MCS) evolution of the
supercritical state. The parameters of the simulation Nye 3, configuration of the system when it relaxes under a constant
N=120, a=100, m=0.3, Ah=0.01, andAMCS=40000. (b) applied demagnetizing field of magnitude similar to that of
Demagnetization branch corresponding to the avalanchés.of the coercive forcdFig. 13 reveals the occurrence of ava-
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FIG. 13. Schematic representation of avalanches in a relaxing 0.25
system. The parameters of the simulation &e=3, N=180, r
a=2.0,m=0.3,h=0.7, andAMCS=100. 0.20
lanches and avalanche coalesceftice nucleation of the first 0.15 [
avalanches takes always place after a certain waiting time, e :
which evidences the non-Arrhenius relaxation dynahijcs 2 010 [
We have quantified those collective phenomena by evaluat- .
ing their size distributiop(L) and their duration distribution 0.05 [
p(T) (the probability of observing an avalanche which i
propagates for a tim&). We should point out here that in 0.00 E

this relaxational process the time analogous to the discrete
field increment we considered in the case of the cyclically ()
driven system is not well defing@n adequate time interval
between successive observations of the system should avoid FIG. 14.(a) Distribution of avalanche sizes in a relaxing system
to divide a large avalanche into many small ones or to add ufP" different values of applied demagnetized figlD)h=0.68,
many small uncorrelated demagnetization eveée have ()h=0.7, and(V)h=0.74. Theparameters of the simulation are
arbitrarily chosem\ MCS= 100. _Nl:3, N= 180,a:_2.(_), m= 0.3, andAMCS= 100.(t_>) The same as
The p(L) andp(T) distributions corresponding to differ- in (a) but for the distribution of avalanches durations.
ent values of the external field are shown in Figsial4nd
14(b), respectively. As can be seen in those figures the avdiave investigated the influence on the distribution of ava-
lanches occur in lage time intervals and have a broad distrianche sizes ofi) the time the system relaxes at every field
bution of sizes with a logarithmiclike tailsee Fig. 1% This  value,(ii) the micromagnetic parameters giving the intrinsic
fact is in close relation to the time dependence of the totaproperties of the materiglsuch as the exchange parameter
magnetization of similar systems which exhibits a logarith-a and the magnetostatic constam}, and(iii) the total sys-
mic decay(Fig. 16. Also in Figs. 14a) and 14b), it is  tem size. From the corresponding results we conclude(ithat
possible to observe that when the field is increased the sysvhereas short-time relaxations exclusively allow the devel-
tem is less stable at the remanence-type states and theref@ement of small avalanches, larger relaxation stages have
the demagnetization avalanches are larger in size and short@gsociated avalanche sizes distributions exhibiting a most
in duration. probable avalanche siZe,,, which increases with the mag-
Finally, we should remark that the avalanche size and
duration distribution functions are system size invariants

0.12

[see Figs. 1@®) and 17b)]. To our opinion this fact is linked N ' '
to the occurrence in our system of different easy axis discon- o0 L\ _
tinuities across the grain boundaries which act as multiple o\
centers(with distributed efficienciesfor avalanche nucle- 0.08 L N N 4
ation. -~ o
= 006 | O .
= <
V. CONCLUSIONS 0.04 | Sac, .
2
We have quantified the collective demagnetization phe- 0.02 P
nomenology occurring in a micromagnetic model of a tex- ° 6
tured polycrystal which was submitted to a cyclic magnetic 0.00 ————- et
field. The basic tool for that was the introduction of a rule 0 3 P 15 20

allowing us to evaluate the avalanche sizes from previous
knowledge of the magnetic moment configuration obtained FIG. 15. Logarithmic fit of the curve corresponding to
by relaxing the system at each successive field value. We=0.74 in Fig. 14a).
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FIG. 16. Time (MCS) dependence of the magnetization (a)
plotted as a function of MCS+MCS,). The parameters of the
simulation areN;=50, N=104, a=2.0, m=0.3, Ah=0.01, 0.20
and AMCS=500.

0.15
nitude of the relaxation time, tha parameter, andmore

weakly) with the m parameter ii) the occurrence of ava- o
lanche coalescence in sufficiently large systems leads to a % 0.10

saturation of the., value, and(iii) the occurrence of ava-
lanche coalescence reduces the effective size of the system in 0.05
the sense that large size systefagstems having a dimen-
sion clearly larger than the typical avalanche size for which
avalanches overlaphave identical avalanche size distribu- 0.00 e Rzt 2
tions. . 0 5 10T d 1(5)0 Ms)zo 25 30

From the examination of the distribution of avalanche ©) "
sizes obtained n systems wit=L, and haV'”Q dlfferent_ FIG. 17. (a) Distribution of avalanche sizes for a relaxing sys-
values of the ratio of the structural-to-magnetic correlation o having different system sizE®)S=60 grains,((J)S=100
Iepgths, It was pOSS|bIe to COUCIqu about the occurrence Qfrains, and(V)S=150 graing. The parameters of the simulation
different collective demagnetization behaviors. When theye N,=3, a=2.0, m=0.3, h=0.74, AMCS=100. Fig. 17b)
system paramet_erﬁgnd _baS|C_a”y the exchange parampter The same as in Fig. 1@ but for the distribution of avalanche
are tuned to a situation in which both correlation lengths arejyrations.
of similar magnitude we detect the occurrence of critical be- S . .
havior in the sense that the distributions of avalanche sized'e applied field value but not on the system size. From this

span the whole size of the system and are scalable. Since ttfgd the clear correlation of the avalanche distribution char-
phenomenology is associated to a limited set of model pa@cterlstlcs to the time dependence of the magnetization we

rameters we cannot consider the critical behavior as se”(_;onclude that during relaxation collective demagnetization is

organized. Large and small values for the above-mentionevpked to the presence of distributed centers of avalanche

ratio between the characteristics lengths of the system lead w.lcleatlon.

subcritical (predominance of small avalanchesnd super-

critical (predominance of system-sized avalangheshav-

iors, respectively. The work was partially suported by Project No. PB93-
We have also followed the collective demagnetization0123 (Spanish DGICyT. O.A.C. is indebted to the Basque

during the relaxation of the system at constant applied deCountry Government for financial support. The authors ac-

magnetizing field. The distributions of avalanche sizes and&nowledge useful discussions with K. Kulakowski, R.

durations exhibited long logarithmic tails which depended orRamrez, and R. Smirnov-Rueda.
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