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bstract

The degree of micromagnetic disorder in magnetic amorphous materials is investigated by applying the packing method to the time series
btained, both from Barkhausen noise experiments and simulations of domain wall motion. The observed dependences of the estimated entropy

n the applied stress, in the case of experimentally obtained time series, and the width of the Gaussian noise used in simulations, are explained in
erms of two regimes of the effect of an external stress applied.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Barkhausen noise (BN) is detected as a series of voltage
ulses appearing on the extension of a coil placed near or involv-
ng a ferromagnetic sample subjected to a varying external field.
he effect is associated to the sudden topological and geometri-
al changes occurring in the domain structure of a ferromagnetic
aterial as the magnetization proceeds. It is therefore an effect

trongly dependent on the magnetic microstructure of the sam-
le. As a matter of fact, BN can be considered a fingerprint
f the complex systems composed of the magnetic domains,
omain walls (DW) and a reservoir of defects that act to pin the
Ws [1]. A number of papers have been dedicated to the statis-

ical aspects of hysteresis and Barkhausen noise, but very few
re aimed at the application of BN as a non-destructive anal-
sis technique that can be used to characterize the amount of

efects and its evolution with thermal treatments, or under the
ction of an external drive as an applied stress. From the theo-
etical point of view, the estimation of the degree of disorder in
real system is a very important issue, as the disorder in simula-

ions is always taken as the width of a Gaussian responsible for
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ome sort of noise or random field [2,3]. In recent years, some
uthors [2] have associated the degree of disorder to the tem-
erature in exchange-biased NiFe/CoO films. However, in Ref.
2], the authors are concerned with a disorder-induced phase
ransition [3] and have assumed that the temperature is a mea-
ure of the degree of disorder associated to the antiferromagnetic
oO film as the Néel temperature was crossed. In this work we
re concerned with the degree of disorder or the entropy at the
icromagnetic level of ferromagnetic amorphous samples. This

isorder is strongly associated to the time series that are the typ-
cal output of a Barkhausen noise experiment, with a given size
nd resolution in time. The time series may carry information
f part or a whole hysteresis loop. In general, they are acquired
long a small part of the hysteresis loop, for H near the value of
he coercive field (HC). The main point to be addressed here is
ow to estimate the degree of micromagnetic disorder or entropy
rom such output. One method could be the calculation of the
hapman–Kolmogorov entropy, but this method is not practical

or the typical time series obtained with the experimental setup
sed in this work. The solution for such a problem may be to
pply the method recently proposed by D. Benedetto et al. [4]
hat have shown to be possible to estimate the relative entropy

f a given system by applying the zipping method [1,4] to a
ime series or to an image or text. In this method, the relative
ntropy is estimated through the size of the packed file that con-
ains the information in the form of a string of characters. The
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applied stress, the domain structure of a soft magnetic ribbon is
likely to be the well known “maze pattern structure”. When the
stress is applied, two mechanisms take place:
A.P. Guimarães et al. / Journal of Alloy

acking process is performed with the LZ77 algorithm, which
s the standard algorithm present in programs such as WinZip,
kzip, etc.

In order to control the degree of micromagnetic disorder in
he samples studied in this work, stress has been applied in the
ange 0–350 MPa. The effect of the applied stress is to control
he magnetic microstructure by establishing a preferred orien-
ation for the domain walls (DW), straightening these walls and
ecreasing the domain wall thickness [5]. In principle, it should
e expected a decrease of the degree of disorder with increasing
tress. The method was shown to be sensitive to the stress in
he above mentioned range. The magnetic domain microstruc-
ure was also studied by Kerr microscopy. Although the method
as already been proved to be sensitive to modifications on the
egree of magnetic disorder of amorphous samples [1], there
s yet no evidence on the functional dependence of the degree
f disorder (measured as the size of the packed files) with the
pplied stress or annealing temperature. In this work we try
o solve this issue by applying the zipping method to simu-
ate time series obtained from the integration of the equation of

otion for domain walls [6–8]. In these simulations, the degree
f disorder is again taken as the width of a Gaussian distribution
hat is an ingredient for a Wiener noise increment as described
elow. The difference of this simulation with respect to simu-
ations based on the Random Field Ising Model (RFIM) is that
he BN details are better described with the method presented
ere.

. Experimental and numerical methods

Fe78B13Si9 amorphous ribbons with positive magnetostriction (λS = 27 ×
0−6) under stress were studied prior and after a pre-annealing treatment
t 300 ◦C for 15 min. Sample dimensions were 60 mm × 2 mm × 27 �m.
arkhausen noise time series were obtained in an open magnetic circuit con-

isting of a long compensated solenoid excited by a DS345 function generator
nd low distortion power amplifier. The signal was detected by a small (50-turn)
ick-up coil wound around the central part of the sample, amplified by a low-
oise pre-amplifier (SR560) and digitized by a Tektronix TDS320 oscilloscope.
he whole setup was controlled by an Agilent VEE program that acquires 100

ime series at a given trigger field, while the sample was swept through its hys-
eresis curve, for each stress level. Stress in the range 0–350 MPa was applied
y using calibrated weights attached to one end of the sample. The BN time
eries for each stress level were stored in a PC computer for further process-
ng. Hysteresis curves for each sample were obtained by the fluxmetric method
n the same magnetic circuit of Barkhausen noise measurements. All mea-
urements were performed at room temperature. The relative entropy for each
tress level was estimated by packing the set of 100 times series with the LZ77
lgorithm.

The simulated Barkhausen noise time series were obtained by numerical
ntegration of the stochastic equation of motion for domain walls in the Langevin
orm [6], given by

˙(t) = −GSv(t)

τeddy
+ ḢC(t) (1a)

˙ C(t) = − v(t)

τeff
+ Ẇ(t) (1b)
here v(t) = φ̇(t) is the flux rate responsible for the output of the sensing coil,

s a geometrical constant [6–8], τeddy the eddy current time constant that takes
nto account the resistivity of the material, τeff the coercive field time constant
hat depends on the free energy landscape for a given material and W(t) is a

iener noise [6–8]. The Wiener noise increments that appear in the discretized
F
u
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ersion of Eqs. (1a) and (1b) depend on a Gaussian noise whose width has
een varied in the simulations performed in this work. All the other parameters
ere kept constant at convenient values. For the numerical integration, the Euler
ethod has been used. For each Gaussian width, 100 time series with 100 000

oints were generated. Although the numerical resolution was high, the vertical
esolution of each time series was reduced to 256 step (8 bit) in order to compare
t directly with the experimental vertical resolution of the oscilloscope. The time
eries were also packed with the LZ77 software under maximum compression.

. Results and discussion

In Fig. 1, the experimental time series for Fe78B13Si9
morphous ribbons under selected stress levels are shown. The
orresponding entropy values, here taken as the size of the cor-
esponding packed time series are shown in Fig. 2; the entropy
nitially increases and finally reaches saturation.

In Fig. 3, the simulated time series for relative Gaussian width
arying from 1 to 6 are shown. The corresponding sizes of the
acked time series are shown in Fig. 4. The parabolic fit is a guide
o the eye. The numerical results show the estimated entropy
hat increases with the width of the Gaussian. If this increase
orresponds to an increase of the applied stress is a point we
ill try to clarify below.
First of all, the experimental results seem contradictory as

he entropy increases with the applied stress. The apparent con-
radiction can be understood as follows. First of all it has to
e noticed that the domain + DW + defect system is particu-
arly complicated in non-stressed amorphous ribbons due to the
bsence of magnetocrystalline anisotropy. In the absence of any
ig. 1. Selected experimental BN time series for amorphous Fe78B13Si9 ribbons
nder increasing stress levels.
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ig. 2. Entropy estimated as the size of the packet set of 100 time series similar
o the ones shown in Fig. 1.

(a) The domain structure is ordered, the domains size increases,
the domain walls straighten [5] and the domain wall width,
given by

δw =
√

A

Keff
, (2)
decreases. In expression (2), A is the exchange con-
stant (≈10−11 J/m3 for an amorphous magnetic alloy) and
Keff = 3/2λS� + K0, where λS is the saturation magnetostric-

ig. 3. Selected simulated time series for increasing width of the Gaussian used
o generate the Wiener noise increments within the Euler integration of Eqs. (1a)
nd (1b).
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ig. 4. The corresponding estimation of the entropy for the simulated time series.
he parabola is a guide to the eye.

tion at a given stress level σ, and K0 is the anisotropy due to
the residual stresses present in a magnetic amorphous rib-
bon. This residual anisotropy is written as K0 = 〈K0〉 + K(r),
where K0 is the average anisotropy due to the residual stress,
surface roughness or some sort of anisotropy induced dur-
ing the fabrication process. On the other hand, the term K(r)
accounts for the fluctuations on the anisotropy due to built-in
stresses. These fluctuations carry information on the defects
that will pin the domain walls along the magnetization pro-
cess. When a given domain wall moves under the pressure
of an applied field, there is always a counteracting pres-
sure that keeps the DW motion reversible and stable. This
regime is described by the minimum conditions δK(r) = 0
and δ2K(r) > 0. When δ2K(r) = 0, the position of the domain
wall becomes unstable and it jumps to the next position
where the condition δ2K(r) > 0 is satisfied. Therefore, the
domain wall motion is the fingerprint of K(r) and of the
domain structure present in a sample.

b) Above a given stress value, there is no further ordering of
the DS or DWs. On the other hand, the domain wall width
becomes the minimum length scale probed in the free energy
fluctuations K(r). Therefore, the extent of the energy fluc-
tuations probed by a given DW is increased. As the typical
length decreases, and the average magnetization is kept con-
stant, faster BN jumps appear and the overall BN activity
increases as well as the number of higher amplitude volt-
age impulses present in the time series. This effect can be
seen in Fig. 1. If the distribution of size of fluctuations in the
free energy is roughly assumed to be described by a normal-
ized Gaussian g(r), then the number of Barkhausen jumps
or pulses can be calculated as

∝
∫ L→∞

δW

g(r) dr ≈ b[1 − erf(aδW)] (3)

here L is the width of the sample, here taken as infinity when

ompared to the domain wall width δW, and erf(x) is the error
unction. In Fig. 5, the size of the packed time series is shown
s a function of the domain wall width δW (see Fig. 2). The
ine is the fitting with expression (3). There is a reasonable
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ig. 5. Same as Fig. 2 but as a function of the domain wall width. The fitting is
ade with expression (3).

greement between the fitted and experimental data, corrobo-
ating the hypothesis of the domain wall width as the limit for
he smaller features in K(r) that can be probed by BN experi-

ents.
We have yet to compare the results obtained from the simu-

ated time series. Our first comment is that the effect described
y the time series can only be compared with the stress range
here the domain structure is significantly changed by the

tress. Domain structure observations performed in the same
amples under stress have shown that above 40 MPa there are
o detectable changes in the domain structure. Therefore, the

bserved decreasing trend of the entropy with the relative width
f the Gaussian used in the numerical integration can only be
bserved for stress levels below 40 MPa, for the particular set
f samples studied in this work. It must be emphasized that the

[
[
[
[
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imulations of the domain wall motion performed in this work
o not take into account any modifications in the domain wall
idth. The simulation and equations of motion for DW should
e improved to take into account this kind of effect, an issue that
ill be addressed in a further publication.

. Conclusions

In conclusion, we have shown that the packing or zipping
ethod is sensitive to modifications in domain structure and

lso sensitive to domain wall width and its interplay with the
patial fluctuations of the magnetic free energy in an amorphous
agnetic material. The method, when applied to simulations of
W motion, was also shown to be sensitive to the Gaussian noise
idth used as one of the ingredients of the numerical calculation.
he functional relation between the degree of disorder and the

elative entropy calculated by the packing method has yet to be
urther investigated.
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