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Connection between hysteresis, Barkhausen noise, and microstructure
in magnetic materials

G. Durin,a) C. Beatrice, C. Appino, V. Basso, and G. Bertotti
Istituto Elettrotecnico Nazionale Galileo Ferraris and INFM, Corso M. d’Azeglio 42,
I-10125 Torino, Italy

The interplay between material microstructure and magnetic hysteresis is studied in rapidly
quenched Si–Fe alloys. Two ribbons of different average grain dimension^s& ~35 and 160mm!
were prepared by annealing at different temperatures and studied through two independent
approaches: Barkhausen noise measurements, and Preisach analysis of static and dynamic hysteresis
loops. In order to monitor the effect of demagnetizing fields on the magnetization process, the strips
were progressively shortened from 30 to 10 cm. The correlation length of a domain-wall jump was
estimated through the analysis of Barkhausen jump distributions versus apparent permeability. The
correlation length of the coherent magnetization reversals controlling excess dynamic losses was
estimated through the Preisach analysis of dynamic hysteresis loops. In the sample with lower^s&,
both the Barkhausen and the dynamic loss correlation lengths are comparable to^s&, showing that
a single structural feature governs all aspects of magnetization reversal. Conversely, in the high^s&
sample, the ribbon thickness competes with^s& in controlling static and dynamic magnetization
processes. ©2000 American Institute of Physics.@S0021-8979~00!77808-X#
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I. INTRODUCTION

The connection between magnetic hysteresis and mi
structure has been extensively investigated in the past.
major difficulty is always the identification of a few releva
parameters summarizing the role of the microstructure in
adequate way. In soft polycrystalline materials, the aver
grain dimension has been shown to control coercivity a
excess dynamic losses under several circumstances,1,2 but it
is not clear how general this connection can be and ho
might be generalized to amorphous and nanocrystalline
tems, where other characteristic lengths are expected to
the role of effective grain size, such as, for example,
wavelength of quenched-in stress fluctuations.3 In addition,
also the geometrical parameters, like the thickness in
ribbons, might play a significant role under particular con
tions. These difficulties indicate that a more detailed analy
of microscopic magnetization mechanisms is needed, in
der to achieve some general conclusions ab
microstructure-controlled magnetic properties.

In this respect, a key role is played by the Barkhaus
effect. The signal measured in a Barkhausen experimen
flects the details of magnetization reversal mechanisms
in principle contains rich information about microstructur
controlled processes. In particular, one can exploit rec
Barkhausen-effect models4,5 to estimate the typical correla
tion length involved in single magnetization reversal even
This length is controlled by the microstructure and by d
magnetizing counterfields, which tend to fragment rever
events into smaller jumps. Through Barkhausen-effect m
surements under different demagnetizing fields, one can
timate the correlation length upper limit under vanishing d
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magnetizing effects, which is expected to be controlled
the microstructure only. Interestingly, a magnetization rev
sal correlation length is also involved in the processes
sponsible for excess dynamic losses. As previously m
tioned, in polycrystalline materials, this correlation length
often found to be close to the grain size,2 but its general
connection to the microstructure is still poorly understoo
For example, it is not clear if, similarly to the Barkhause
effect case, also this correlation length should be affected
demagnetizing effects, and if these two lengths should ev
tually match.

The purpose of this article is to investigate these iss
in rapidly quenched 6.5 wt % Si–Fe nonoriented polycryst
line materials, by measurements of hysteresis and loss p
erties, combined with Barkhausen-effect experiments, in
bons of variable length and variable grain size.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

Various rapidly quenched 6.5 wt % Si–Fe ribbo
~width510 mm, thickness>45 mm! were prepared by the
planar-flow-casting technique. Two ribbons with differe
average grain size@^s&535mm ~sample A! and ^s&
5160mm ~sample B!# were obtained by annealing the a
cast material for 2 h at1050 and at 1200 °C, respectively. I
order to monitor the effect of demagnetizing fields on t
magnetization process, measurements were carried ou
ribbons progressively shortened from 30 to 10 cm, chang
the apparent permeabilitymapp over one order of magnitude
For each length, the following measurements were car
out: ~i! a set of static symmetric minor loops with differe
peak inductions up to 1.2 T, to reconstruct the Preis
distribution;6 ~ii ! a set of dynamic hysteresis loops at 0.5 a
1 T, measured under controlled sinusoidal induction at s
eral magnetization frequencies in the range 1 Hz–10 kHz
8 © 2000 American Institute of Physics
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estimate the dynamic loss correlation length;7 and ~iii !
Barkhausen-effect signal, measured in the central part of
1 T hysteresis loop under a triangular applied field wa
form, at magnetization rates in the range 0.1–0.6 T s21, to
determine the signal amplitude distribution, and the proba
ity distribution of Barkhausen jump duration and size.4,8

From the set of static symmetric minor loops, one c
reconstruct the Preisach distribution, according to
method discussed in Ref. 6. The use of symmetric loop
equivalent to that of first-order return branches often d
cussed in the literature,9 with the advantage of forcing th
reconstructed distributionp(hc ,hu) to have the correct sym
metry p(hc ,hu)5p(hc ,2hu). The method yields two
pieces of information: the shape of the Preisach distribu
p(hc ,hu) and the behavior of the mean-field constantkm

controlling the relationship between the applied fieldHa and
the effective fieldH acting in the Preisach plane,H5Ha

1kmI , whereI is the magnetization. Similarly to other cas
studied in the literature,6 the distributionp(hc ,hu) appears to
be the combination of a two-dimensional compone
pirr(hc ,hu) in thehc.0 half-plane, associated with irrever
ible magnetization processes, and of a one-dimensional c
ponentprev(hu) along thehc50 axis, describing reversible
mechanisms. The behavior ofpirr is conveniently summa
rized by considering its integral with respect tohu , P(hc),
which can be approximately interpreted as the distribution
local pinning fields in the material. Figure 1 shows the fun
tions P(hc) and prev(hu) obtained for sample B, at thre
different ribbon lengths. Similar results were found f
sample A. Within the errors of the estimation, the Preisa
distribution is independent of the apparent permeability.

The behavior of mean-field effects is shown in Fig.

FIG. 1. Distribution of local pinning fields;P(hc)5* pirr(hc ,hu)dhu ~a!,
and reversible component,prev(hu) ~b!, of the Preisach distribution
p(hc ,hu)5pirr(hc ,hu)1d(hc)prev(hu) for sample B(^s&5160mm) at
three different ribbon lengthsL ~L510 cm: solid lines;L520 cm: dashed
lines; L528.3 cm: dash-dot lines!.
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wherekm is plotted as a function of the inverse of the app
ent differential permeabilitymappmeasured around coercivit
at different ribbon lengths. If demagnetizing fields were t
only mechanism contributing tokm , one would expectkm

52(1/mapp21/mint), wherem int is the intrinsic permeability
of a ribbon of infinite length. An attempt to estimatem int was
made by measuring the hysteresis loop in a closed magn
circuit configuration, where flux closure was provided by
permalloy yoke. This gavemyoke>0.11 ~sample A!, and
myoke>0.16 Tm/A ~sample B!. One would expectkm>0
whenmapp>myoke, but Fig. 2 shows that is definitely not th
case. The dependence ofkm on mapp is better described by
the law km5k02(1/mapp21/mint), where the parameterk0

summarizes the internal mean-field mechanisms active in
material, due to microstructure-controlled magnetosta
and/or exchange interactions. By assumingm int5myoke, we
found values quite similar in the two samples: (k0)A

>21 A T21 m21, and (k0)B>18.5 A T21 m21. Interestingly,
the internal and the geometrical mean-field effects sim
sum up. Therefore, in principle, one could adjust the dem
netizing contribution in a way to balance out the internal o
and to obtain a situation of negligible total mean-field co
tribution.

The static Preisach analysis cannot give any informat
about spatial correlation effects. In other words, one obta
local coercive field distributions, as in Fig. 1~a!, but no in-
formation about the typical size of the magnetization rever
events associated with these fields. Such information is
tained considering the dynamic Preisach model.7 This model
predicts the dependence of dynamic hysteresis loop sh
on the basis of the static Preisach distribution and of
average size of the correlation regions where the magne
tion coherently reverses under dynamic conditions. Fitting
measured dynamic loops gives the numberN0 of these cor-
relation regions in the ribbon cross section and the associ
correlation lengthdc5AA/N0, whereA is the ribbon cross-
sectional area. The lengthdc is found to be independent o
demagnetizing effects in both samples~Fig. 3!.

The Barkhausen effect can bring information about
correlation length of individual magnetization revers

FIG. 2. Mean-field constantkm of the effective field acting in the Preisac
plane (H5Ha1kmI ), as a function of the apparent permeability for samp
A ( ^s&535mm) and B (̂ s&5160mm).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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events occurring along the static hysteresis loops. At lo
magnetization rates, various sources of disorder make
domain-wall motion highly irregular, which results in a s
ries of random Barkhausen jumps. As extensively reporte10

the probability distributions of jump duration and size follo
power laws with well-defined critical exponents.4,8 In par-
ticular, the jump sizeS follows a law of the type

P~S!;S2t f ~S/S0!, ~1!

whereS0 is the cutoff size, i.e., the largest flux change p
duced by a wall jump. The critical exponentt has been
shown to be universal, i.e., independent of the details of
magnetic structure and given only by the range of inter
tions acting on the wall and by the dimensionality of t
system. For instance, the measurements reported in R
show thatt'1.5 in many polycrystalline Si–Fe ribbons wit
different microstructure. Conversely, the cutoff sizeS0 is
expected to depend on the microstructure of the material,
on the demagnetizing counterfield. The effect of a vary
demagnetizing factor can be theoretically predicted,
shown in detail in Ref. 5. Here, we summarize the conc
sions relevant to the interpretation of the present exp
ments. The analysis is based on an equation of domain-
motion where the mean-field geometrical effects given
the demagnetizing fieldHdem52kI are summed up with
fine-scale random effects, due to dipolar interactions
structural disorder. Remarkably, this is in agreement with
results of the Preisach analysis previously discussed, w
the mean-field parameterkm was expressed as the sum of t
demagnetizing factor and an internal mean-field param
k0 summarizing the role of the different interactions. Assu
ing that the structural disorder of the system could be
scribed by a Gaussian-distributed white process of amplit
of fluctuations D, S0 is predicted to scale asS0

;D(k/J0)22/3, where J0 measures the strength of dipol
interactions.

We will define the Barkhausen correlation length asdc

5AS0/2I s. In terms of dc , the scaling relationS0;k22/3

becomes

dc;S 1

mapp
2

1

mint
D 21/3

, ~2!

FIG. 3. Comparison of the correlation lengthdc estimated from Barkhausen
effect ~dots! and dynamic Preisach model~triangles!. The solid line repre-
sents the behavior expected when only the variation of the demagnet
factor is taken into account@see Eq.~2!#.
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where we have assumedk51/mapp21/mint as in our previous
Preisach analysis.

III. DISCUSSION

Figure 3 shows the behavior of the correlation lengthdc

estimated from the dynamic Preisach analysis a
Barkhausen experiments. For both samples A and
Barkhausen-effect data are in good agreement with Eq.~2! at
low permeabilities. A definite deviation is observed
sample A at highmapp, where the valuedc>25mm is ap-
proached. This value is only slightly smaller than the Pr
sach correlation length. It is worth noting that some diffe
ences should be expected as the Barkhausen estim
represents the zero-frequency extrapolation of the results
tained at low-magnetization frequencies, while the Preis
length is obtained in the dynamic case. Interestingly, both
Barkhausen and the Preisach correlation lengths are clos
the grain size, a result confirming that a single structu
length governs all aspects of the magnetization process w
the grain size is lower than the ribbon thickness.

The role of the ribbon thickness becomes more evid
in sample B (̂s&5160mm). The Barkhausen correlatio
length does not show any clear approach to a constant va
Due to experimental difficulties, measurements could not
performed at permeabilities close tom int , so we cannot test if
dc would eventually become similar to that of sample A. T
Barkhausen correlation region is approximately half of t
Preisach correlation length, with the latter close to the ribb
thickness. Contrary to sample A, this result points at
ribbon thickness as the characteristic length playing the m
role in the dynamic magnetization process.

We can conclude that both ribbon thickness and typi
grain size compete in determining the magnetization reve
features. Further experiments with different grain siz
thickness ratios are required, especially at very small gr
size to confirm the precise influence of the microstructure
the static and dynamic hysteresis of soft-magnetic mater
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