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Domain size effects in Barkhausen noise
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The possible existence of self-organized criticality in Barkhausen noise is investigated theoretically through
a single interface model, and experimentally from measurements in amorphous magnetostrictive ribbon Met-
glas 2605TCA under stress. Contrary to previous interpretations in the literature, both simulation and experi-
ment indicate that the presence of a cutoff in the avalanche size distribution may be attributed to finite-size
effects.[S1063-651X99)00904-§

PACS numbgs): 05.40-a, 75.60.Ej, 68.35.Rh

The Barkhausen effect consists of magnetic noise caused We investigate this question by using the simple model
by erratic jumps in the magnetization of a ferromagnetic maproposed by UMM[4] for the motion of a single domain
terial, under an increasing applied magnetic figld. A wall in the Barkhausen noise regime. We find that the exis-
simple explanation for this effect is the combination of ran-tence of a cutoff in the UMM model can be traced back to
dom pinning of domain walls by defects and the driving finite-size effects; experimental results, also to be described,
external field, which is essentially the same mechanisniear out the idea that the cutoff to be found there originates
present in stick-slip process¢g&]. Recently the statistical from corresponding aspects in real systems. _ _
behavior of Barkhausen noise has attracted much interest, [N UMM's model, the interface at timeis described, in
due to the possibility of providing an experimental realiza-space dimensionalitg, by its heighth(p; ,t), wherep; is the
tion of self-organized criticalSOQ behavior[3-5]. The  position vector of sité in a (d—1)-dimensional lattice. At
subject is controversial, however. We concentrate here on theacht, the height functionhi=h(5i ,t) is assumed to be
results obtained by Urbach, Madison, and Mark&iviM) single valued, so there are no overhangs on the interface.
[4] and Perkovic Dahmen, and Sethrn®D9 [5]. Thus the interface element corresponding to the

UMM measured the avalanche size probability distribu-d-dimensional position vectar = (p; ,h;) may be unambigu-
tion function in an Fe-Ni-Co alloy, and found power-law ously labeledi. Simulations are performed on L~ X
decay over approximately two decades, followed by an exgeometry, with the interface motion set along the infinite
ponential cutoff. The same result was also observed in nudirection. Therefore finite-size effects are controlled by the
merical simulations of the interface motion. The power-lawlength parametet. Each element of the interface experi-
behavior, obtained without any intentional fine tuning of pa-ences a force of the form
rameters, suggests that this system self-organizes into a criti-
cal state. On the other hand, PDS argued that such behavior
can be explained without recourse to SOC concepts: in their
view, the power-law decay followed by a cutoff is evidence
that the system isearbut not quiteat a conventional critical where
point. They performed simulations for the random-field Ising
model (RFIM) under an external field, taking the loggin- He=H-— 7M. 2
ning) fields to be Gaussian disordered with standard devia-
tion R. The avalanche-size distribution is also characterized he first term on the RHS of Eq1) represents the pinning
by a power law followed by a cutoff, and the power-law force, u, and brings quenched disorder into the model by
regime increases over several decadesRampproaches a being chosen randomly, for each lattice sitg from a
critical disorderR . Gaussian distribution of zero mean and standard devi&ion

Although UMM and PDS approach the problem with ap- Large negative values af lead to local elements where the
parently similar models, their conclusions regarding the criti-interface will tend to be pinned, as described in the simula-
cal nature of the Barkhausen noise are in contradiction. Hertion procedure below. The second term corresponds to a co-
we show that in reality, the ingredients used in either modebperative interaction among interface elements, assumed
differ in crucial aspects where the onset of SOC is con-here to be of elasti¢surface tensiontype. In this term;(i)
cerned, so it is not surprising that they end up with differentis the position of thgth nearest neighbor of siteandzis the
findings. coordination number of thed(~1)-dimensional lattice over

-k
fi=u(i)+ +He, M

z
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which the interface projects. The tendency of this term is to 6 L .
minimize height differences among interface sites: higher
(lower) interface elements experience a negafipesitive
force from their neighboring elements. The force conskant
gives the intensity of the elastic coupling, and is taken here
as the unit forf. The last term is the effective driving force, 4
resulting from the applied uniform external field and a
demagnetizing field which is taken to be proportionaMo 5
=(1/Ld‘1)Eilelhi , the magnetization of the previously _o |
flipped spins for a lattice of widtlh. T
Other models discussed in the literatyfe-7] have the 27
same basic ingredients described in EL, namely, local
guenched disorder, a cooperative term, and a driving field. In ;|
the RFIM, for example, the cooperative term is not elastic,
but is driven by nearest-neighbor exchange interactjsihs
Accordingly, power-law distributions are usually obtained °7
along several decades of avalanche sizes; however, the que . . ' . ' . ' . .
tion of whether an SOC-like mechanism is present is an al- 0 2000 4000 6000 8000 10000
together different matter. What is essential for SOC is that no avalanche number
fine tuning of parameters be required to keep the system at a

itical h A is cl v il din Ref FIG. 1. Simulation on a 3D lattice for systems wik=5.0,
critical state. Such a distinction is clearly illustrated in Re "k=1, »=0.05, and different widths. Starting the external field at

[4], where several va_riants of the prese_nt mod_el We_re |ntro|-_| =0, the effective fieldH, grows linearly and saturates at a critical
duced. It was established that even without including any,, e after a transient. Here we see this behavior as a function of

demagnetizing effect at all, a power-law distribution of ava-the avalanche number and, in the inset, the same but with avalanche
lanche sizes would arise if the external field were kept clos@umber scaled by2.

to its (sharply definefcritical value for interface depinning.

Including a demagnetizing field proportional to the localtion of SOC-like behavior. If the external field is started at a
magnetization did away with fine tuning: rather, the effectivehigher value, a large avalanche occurs and brings the effec-
field H— M was seen to stay approximately constanHas tive field back to the adequate value. On the other hand, if
and consequently! increased. Even then, the negative auto-the field starts from zero there is a transient corresponding to
correlation between avalanche sizes at short titbbserved a series of small avalanches. We find that the number of
in experiments, and also believed to be an essential feature #valanches in this transient is proportional 16 *. This

the theory of SOConly arose in simulations when thgo- means that an infinite system would need an infinite number
bal magnetization terni, shown in Eq(2) was considered. of avalanches to reach criticality. As an illustration of this
Given the established adequacy of the UMM model to debehavior, we present in Fig. 1 the effective field in a 3D
scribe SOC-like aspects of experiments, we concentrate ogystem forR=5.0, k=1, and%=0.05 for different simula-
simulations in that same model. tion cell sizesL.

We start the simulation with a flat wall and zero applied The calculated avalanche-size distribution corresponds to
field. All spins above it are unflipped. The forégis then a power law with a cutoff, as obtained by UMM in
calculated for each site, and each spin at a site fyithO Barkhausen experiments and in simulatipfk and also by
flips, causing the interface to move up one step. The magndrDS[5] within their RFIM model. It was shown in the latter
tization is updated, and this process continues diptil0 for  reference that the cutoff is intrinsic to the RFIM, if the sys-
all sites, when the interface comes to a halt. The externalem is away from the critical poirR:. In what follows we
field is then increased by the minimum amount needed t@resent evidence that the nature of the cutoff in the
bring the most weakly pinned element to motion. The avaBarkhausen effect, both in simulations of the Urbach model
lanche size corresponds to the number of spins flipped beand in experiments, is a finite-size effect. The characteriza-
tween two interface stops. The field value can be used astion of the cutoff as a finite-size effect was recently sug-
time scale(the only relevant one in the cas@his mimics  gested by Narayaf8] through the analysis of a continuum
the experimental setup of a linearly increasing field duringmodel closely based on UMM'’s, though no attempt was
the data acquisition intervabne might as well use the accu- made there to quantify the relationship. We have examined
mulated number of interface stops as a surrogate time scalthe dependence of the cutoff on the simulation cell iy
we did both, with the same qualitative resultds in UMM collecting a series of 100 000 avalancheslfer50, 80, 150,

[4], we are implicitly assuming that the experimental situa-200, and 400. Figure 2 shows the avalanche size distribution
tion simulated is one of sufficiently slow driving rate, such for some values of in 3D lattices. The transient was elimi-
that avalanches do not overlap. nated by starting the external field nddg. We can clearly

Our simulations have been conducteddis2 andd=3,  see that the cutoff shifts to higher valuesfofvith increasing
in square and cubic space lattices respectively. Here we com- Following the standard procedufd,5,7] we seek for a
centrate on the three-dimensior{8D) results. After a tran-  signature of SOC in a power-law distribution of avalanche
sient, the effective field always settles onto a critical valuesizes; on top of this, the cutoff must be accounted for, which
H. which depends of, k, and . The fact that the system we do phenomenologically via a simple exponential @yl
tunes itself to a constant effective field is in itself an indica-Thus, the histograms were fitted by the functi®{A)
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L L A R AL L L lengths under applied stregk0], and may therefore be em-

] ployed in investigating experimentally-dependent effects

in Barkhausen noise experiments. We performed measure-

ments in a disordered material with this property, namely

amorphous magnetostrictive ribbon Metglas 2605TCA under

stresso. Different stress values were applied in order to

increase domain wall length, as seen in R&D|. Stress is

expected also to change the domain wall thickness

. =JAIK,, whereA is the effective exchange constait,

=3)\so and A\g=27x10"% is the saturation magnetostric-

. tion constant for this material. In amorphous materials, fluc-
1 tuations in the stress due to local composition fluctuations

R4 T T T generate the pinning sites for domain walls. Their magni-

i tudes are much larger than those originated from the external

log,,(A) forces. Thus, the effect of the applied stresses will be to

FIG. 2. Avalanche size distribution calculated from simulationsorder the domain wall structure Ipy Chgnglng the domain size

for R=5.0, k=1, »=0.05, and the indicated values of lat- and length. The magnetoelastic anisotropy, on the other

tice widthsL, in 3D. Thin solid lines are fits to the forre(A) ~ hand, tends to stretch existing domain walls].

log,,[P(A)]

-10

A~ exp(—A/A;) with o between 1.23 and 1.35 arg, the cut- Metglas 2605TCA . samples (80 mrl mmX 30
off size, increasing as a power bf(see text The dashed line has «m) were preannealed in an Ar flow at 300 °C for 15 min in
slope— 1.3, for comparison with UMM'’s experimental data. order to decrease the stress level associated with the fabrica-

tion process. The measurements were performed in an open

*A~“exp(—A/A;) with a in the range (1.230.02-1.35 r_nagr_1etic cir_cuit. As a consequence, there is a global effec-
+0.02). The paramete,, which defines the cutoff size, is tive field actmg on the domain walls; also, the average mag-
strongly dependent oh: Ay L1491 We have also varied netization rateM (t) and differential susceptibility were kept
the disorder parametdR, in an attempt to find an effect constant. The samples were cycled in their hysteresis loops,
similar to that described by PDS in their RFIM model. How- excited by a slowly varyingtriangular, 0.2 Hz, 4 Oe maxi-
ever, the final picture was qualitatively always the same asnum valug field. The Barkhausen signal was detected by a
shown in Fig. 2, with roughly the same power-law depen-small coil (5 mmx1 mmXx0.5 mm) tightly wound
dence of Ay on L. In d=2 we used lattices of width. around the central part of the sample. Thus, the cross-section
=100, 500, 1000, 2000, 3000, and 5000 from which a valuef the coil was rectangular, approximately following the ex-
of @=0.83+0.08-1.03+0.03 andA,<L%780% were ob- ternal contour of the sample’s cross section. The signal was
tained. Thus, we conclude that the presence of a cutoff in thpreamplified by a SR550 low pass amplifier and digitized by
avalanche size histogram is a finite-size effect. Though ia TDA320 oscilloscope. The low pass amplifier was set to an
may seem puzzling that the finiteansversedimensions can upper frequency limit equal to half the sampling frequency
influence the characeristics of interface motion alongutte  of 20 kHz. The wave-form generator, current source, and
bounddirection of growth, a qualitative picture of the corre- preamp were fed by batteries in order to increase the signal
sponding mechanism is as follows. Each time theto noise ratio. At each cycle and starting from a given value
(d—1)-dimensional lattice is swept, the number of distinctof a trigger field, a time series was acquil@da total of 150
chances for the interface to move is of oréer L9~ 2; thus, for each stress valdiend stored for further processing. For
if the typical probability for a given interface element not to each stress level, we identify an avalanche with a jump in the
advancegthat is, to have;<0) is p, the interface as a whole voltage levelV. As in Ref.[4], a threshold voltage was es-
will come to a halt, marking the end of an avalanche, only iftablished according to experimental resolution, which defines
fi<0 for all elements. This happens with probabilipy", the low-end cutoff of the measured avalanche distribution.
hence for largd. larger avalanches become more probable.Note, however, that our main concern here is with the statis-
The above result clearly demonstrates the different naturics of the largest avalanches, which will be sensitive to
of the cutoff in the UMM and PDS simulation models. Both finite-size effects.
models describe domain walls advancing in a disordered The avalanchévoltage jump size distributions were ob-
magnetic medium: The key difference between them is theained foro=0, 17, 30, 80, 100, 150, 180, 230, 300, 400,
presence of a demagnetizing field, proportional to the growand 525 MPa. In order to obtain such distributions, a total of
ing domain magnetization. This field is an essential elemenf000 jumps were used for each value of applied stress. Some
to bring the simulations into an SOC regime. of these results are shown in Fig. 3. One must note that,
Although variations inL are easily accessible in simula- especially for low-stress data, the combination of experimen-
tions, this is not a trivial parameter to vary in experiments.tal resolution available and the intrinsic characteristics of
For magnetic systems, one would expkdo be related to Metglas resulted in a rather narrow power-law region, span-
the typical magnetic domain size in a sample. Magnetic maning at most a decade and a héiér the highest applied
terials have the interesting property of magnetostricitionstress, 525 MPa This is to be compared e.g., with two de-
which is the change in internal domain configurations as @ades in UMM'’s single experimental res{itt]. Bearing in
response to applied anisotropic stress. Positive magnetostrigind that the reliability of numerical analyses of our data is
tive materials show an increase in internal domain walltherefore limited, one still can see some unequivocally de-
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FIG. 3. Histogram of voltage jumps for different values of ap-
plied stresso. Thin solid lines are fits to the fornP(V)
V™ “exp(—VIVp) with o between 0.29 and 1.6 ang), the cutoff
voltage, increasing as a power of (see text The dashed line,
included for comparison with Fig. 2 and with UMM'’s experimental
data, has the same slope as the dashed line thers3.

fined trends. The main point to be taken is that the cuto
clearly increases with the applied stress. Since stress

histograms with the functiorP(V)xV™ % exp(—V/Vy). As

expected from our relatively narrow effective resolution, this

yielded quite a large spread in the fitted valuesxofwhich
turned out to be in the range 029.1-1.6+0.1 (central
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estimates increasing, and relative error bars narrowing, with
increasing applied stres$However, the growing trend of the
cutoff against stress comes out cleanly enough Vas

o o(0-65-0.04) The fact that experimental values @ffall in a
similar range to those from the 3D simulations is both to be
expected and in line with the earlier results of UMM. On the
other hand, the power that governs the dependenég oh

o need not coincide with that which relatég to L in the
numerical work. In order to predict a relationship between
the two quantities, one would need to work out the connec-
tion of the physical mechanisms driving the interplay be-
tween finite transverse dimensions and avalanche sizes, in
the interface model, to the corresponding ones between ap-
plied stress and domain wall length in actual samples. So far,
we have not been able to do this.

From the above results we conclude that the cutoff in the
avalanche size histogram in Barkhausen systems is a finite-
size effect. This, together with the presence of a self-tuning
effective field and negative time correlation for short times,
is a strong indication that SOC is present. Also, we find that
any attempt to model Barkhausen noise must necessarily in-

lude the demagnetizing field, for this is the key ingredient

in(-)r the above mentioned self-tuning.

creases the magnetic domains, what we see here is again the
dependence of the cutoff on a typical domain size, in accor:
dance with the simulation results. We fitted our experimenta

Note addedRecently, we became aware of similar work
“print cond-mat 9808224n samples of RgCo,,B;5 un-

er stress, wheré,~ %% is found. We thank G. Durin and

. Zapperi for interesting correspondence.
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