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Universality and size effects in the Barkhausen noise
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We show that the Barkhausen avalanches exhibit power law distributions and scaling exponents
belonging to two distinct universality classes. We explain these results in terms of the critical
behavior of the domain wall at the depinning transition, with exponents set by the long-range dipolar
interactions arising from local magnetostatic fields, and by the elastic curvature of the wall. We are
also able to predict the precise dependence of the cutoff on the demagnetizinds thatadio sample

size. These predictions are experimentally confirmed on three satthptepolycrystalline 6.5 wt %

Si—Fe and an amorphous f€05,B15 under applied tensile strgswhich are progressively cut in

order to increasé. All these results allow us to link the material microstructure and the sample
geometry to the macroscopic noise properties. 2@0 American Institute of Physics.
[S0021-897€00)70608-9

I. INTRODUCTION two possible classes of universality exist exhibiting different
critical exponents. These different classes are a consequence

Since its discovery, the Barkhausen effect has been reg 1o competition between long-range local magnetostatic

ognized_ as a promising tool to investigate th? micrOS_COpiQields arising from magnetic charges in a deformed domain
magnetization pr:)ceszes. qloT_gktEe hysterﬁas bloop '3 SOffil and the short-range surface tension. In general, soft mag-
magnetic materials. A definite link between the observed Stazqyic materials with grain structure exhibit the long-range
tistical properties of the Barkhausen signal and the specifigiersajity class, while amorphous systems under applied
magnetization details, together with information on materlaltensile stress and high anisotropic materials belong to the
microstructure, has been only partially established, mainlyshort-range clast®®1% The theoretical and experimental

using phenomenological approaches and on a selected 'aNg&monstration of this behavior has an important conse-

. . 2 - - -
of magnetic materials” Undoubtedly, this goal is compli- guence, as it is thus possible to investigate the effect of the
cated by the intrinsic complexity of the phenomenon, whichgite ize of the system on the observed properties of the
justifies the about 80 years of studies. For a long time an%arkhausen signal. In particular, the sample geometry and

still recently, most of the studies have been focused on thﬂ1e microstructurégrains, quenched-in stress, &hould in
properties of the power spectra. Using pure phenomenologlincinie affect the behavior of cutoff of the power law

cal .a.pproaches, the signal was treatgd asa §tatistical SUPHfistributions!® In this paper, after a short review of recent
position of uncorrelated elementary jumps, without any dI'results, we show how the cutoff can be theoretically calcu-

re;:c:t 'relfltlon with microscopic magnetlzlatlon event§|.|ated and present the simulations and the experimental data
Effectively, power spectra appear too complex to be easily,,qiming these results. Finally, we give indications on how

explained even by the recent most successful theories, as “ﬂﬁs approach can be used to further explore the microstruc-

information they contain is an average over different SPace,re of the system.

time processes, which require high order statistics to be ana-

lyzed in detail’ In addition, power spectra do not display any |, - ;. /ERsALITY AND CHARACTERISTIC SIZES

universal property, contrary to the distributions of duration

and size of Barkhausen jumps, extensively studied in the We assume to have a single 180° domain wall dividing

recent literaturé-® Universality implies that the scaling ex- two regions of opposite magnetization directed alongxhe

ponents do not depend on the microscopic details of the sysixis, and described by its posititigr). The dynamical equa-

tem, but only on the range of relevant fields governing thetion is constructed considering all the contributions to the

domain wall dynamics and on the dimensionality of the systotal energy giving®

tem. ah(r,t)
In this context, we have recently propo$&d micro- r i

scopic model where universality and criticality are under- Jt

stood in terms of depinning transition of the domain wall.

Using a detailed description of the relevant interaction fields +f d¥r’I(r—r")(h(r")—=h(r))+5(r,h),

acting on the domain wall, we came to the conclusion that

=2uoMH —kf dh(r’,t)+ y,V2h(r,t)

@
3Electronic mail: durin@omega.ien.it where we'ha.ve con§idered a geneﬁdimensioqal domain
DElectronic mail: zapperi@pil.phys.uniromad.it wall. We indicate with" the viscosity, and withM¢ the
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TABLE I. Critical exponents as obtained by renormalization group calcula- 7000 ————r——————+

tions (Ref. 12 and scaling relationéRef. 8 as a function of the dimension [ a .

d of the domain wall and the range of iterations controlling the domain N = [=260 ]
wall dynamics. A [ =100/
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saturation magnetization. The different terms on the right- K/L®
hand side come, respectively, from the pressure exerted on 2 VMR B AL B A
the wall by the applied fieldH, the demagnetizing counter- & L=200]
field —kM, the wall curvature with surface tensiag,, and
from dipolar interactions due to local magnetic charges, with
a kernelJ given by

M3 3(x—x")? :
Mo 3(1+ (x x)). @ § =

27|r—r'] [r—r’|?
) ] L short range
The last termy(r,h) is a Gaussian uncorrelated random 102 s T
field,_ of amplitudeD_E N 172_), taking into account all the 107 107 10 10° 102
possible effects of dislocations, residual stress and nonmag- kL2
netic inclusions.
The critical behavior of Eqﬁl) is ruled by dipolar inter- FIG. 1. Simulation results for the cutof, of the jump size distribution
actions which are more relevant than the surface tension &9 Ed-(1): The two universality classes correspond to a kernel in the
. . . equation of thgq|* type in Fourier space, wit=1 (long range dipolar
large length scales. _However: if .the Surfa(_:? tension IS VeMhteractions, up and =2 (short range elastic interactions, down
large, we may effectively see a different critical behavior. In

general, for a kernel of the typ&(q)=Jo|q|* in Fourier

space fv=1 corresponds to dipolar interactions gne&2 10 o the other hand, it affects the cutoff values of the distri-
the surface tensionthe critical dimension turns out to be ptions, as it reduces the net field applied to the domain wall,
dc=2pu, so that three-dimensional samplee., d=2) with 54 consequently, the maximum sigand duratioh of an
strong dipolar interactions display mean field properti®  ayajanche. This effect can be estimated considering that the
general, critical exponents depend only on the values of thg,5vimum net field applied to the wall —H, must be of the

dimensiond and ong, while the cutoff is set by the demag- qqer of the variation of the demagnetizing field for the big-
netizing factork and the amplitud®, as we discuss below. gegt jump, that iskAM ~ks,. This givesé~(H—H,) "

When the restoring force is negligible, EG) displays a ~(ksp) "~k 7& "9+ D | 50 that, usingu=1/v+¢
depinning transition as a function of the applied field?*3 B ’ '
This means that the domain wall moves only if the applied ~ §~K "% »=1(u+d). 4
field overcomes a critical fielth.. Close to the depinning consequently, the dependence of the cutsffsand T, on
transition, the domain wall proceeds with avalanches whosghe demagnetizing factde turns out to be
sizess are distributed as

So~D(k/Jo) Y%, Loy=r(d+),
P(s)~s "f(slsy), (3)

. o _ _ To~D(klJg) 2%, A=2zvy. (5)

where sy is the distribution cutoff, which diverges &
~(H—H,) Y. There is a natural correlation lengthasso- Inserting the results of the renormalization group calcula-
ciated with this cutoff sizes,. In general, a portion of do- tions (Table ), we obtain, ford=2, 1/o=2/3 independent
main wall of area~ &% moves for a displacement scaling as Of x, While A =1/3 for u=1, andA=7/18 for u=2.
D&, where  is the roughness exponent, so thsg
~D ¢, Also the correlation length must divergeldt as
éE~(H—H.) 7, wherev is the correlation length exponent.
Following analogous considerations, the durafioof ava- To verify the theoretical predictions given above, we
lanches, distributed aB(T)~T"“g(T/To) has a cutoffTy  performed a series of simulations using an automaton ver-
diverging asTo~(H—H.) Y"~D&, wherez is the dy- sion (Ah/At=0, 1) of Eq. (1). In Fig. 1 we present the re-
namical exponent. All these critical exponents have been cabults of the exponents &/ for both classes il =2, showing
culated using renormalization group methbtfgTable . the good agreement with the theoretical predictions. Clearly,

The presence of the demagnetizing term in Bg.has the value of the demagnetizing factbrmust be chosen to
the effect of keeping the wall close to the depinning transi-give a maximum area of the domain wafl that is much
tion, without changing the values of the critical exponents.smaller than the size? of the system.
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We also performed a series of experimental characteriza-
tion (see Refs. 8 and 14 for detailsf the Barkhausen signal
on three different kinds of samples belonging to the different
classes; two polycrystalline Fe-Si 6.5 wt.% alloys an-
nealead at 1050 °C and 1200 °C to get different grain Sizes,
and a magnetostrictive A(=35x10 %) amorphous
Fe,1Cos4B15 alloy. This material has been measured after the
application of a tensile stress of about 100 MPa. The former
kind of materials shows a critical exponent 1.5, while the Fe-Si 6.5 % wt. (1050°C)
latter hasr~1.27, so that they correspond to the long range | = Fe-Si6.5%wt. (1200°C)
class w=1) and the short range one.E2), respectively
(see Refs. 8—10In order to evaluate the influence of the
geometry on the demagnetizing factor, we choose to progres-
sively shorten the same sample, and measure the Barkhausen
signal always in the same cross section in the middle of the
ribbon. This uniformity of condition of measurements would
not be fulfilled using different samples which would show, at
least, different domain patters. Effectively, the range of
available lengths is quite limited as in samples that are too
short(say, less than 6—8 onthe variation of the demagne-
tizing field along the ribbon completely changes the domain 21B1s
pattern. This implies getting a variation of permeability of no under tensile stress
more than one order of magnitude. The demagnetizing factor : .
is estimated in the usual way. Using a magnetic yoke, we 10° k 10
estimate the intrinsic permeabilify;,;, and for each sample

o _ FIG. 2. Experimental results for the cutoff siggfor samples belonging to
we measure the apparent permeablm%p so thatk Mapp different universality classesyp) two polycrystallines 6.5 wt. % Si—Fe al-

~ Mint ) ) ) ~ loys (u=1), and(down) a magnetostrictive amorphous #€0c,B5 alloy
Experimental results are shown in Fig. 2. Distribution under tensile stressu(=2). Best fit of data is given by continuous lines.

data are analyzed using the same fitting function for all thd heoretical predictiongdotted lineg are shown for comparison.

lengths of a sample considered, to get the estimation of the

cutoff values. In particular, for the Fe—Si alloys, the cusyff

decreases upon lowering the applied field frequency, so thapain pattern. In particular, we were able to calculate the
an extrapolation to zero frequency is needed. The experimerilependence of the cutoffs of the power law distributions on
tal exponents agree reasonably well with the predictions, anthe demagnetizing field due to the sample geometry. The
in particular with simulation results, despite various sourcedalidity of this approach gives important indications to es-
of errors, such as the experimental noise, the correct estiméblish a link between the observed properties of the
tion of k, and the extrapo|ation to zero frequencys@f The Barkhausen noise and the material microstructure and
Fe—Si alloy annealead at 1050 °C shows an interesting effeé@mple geometry.
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