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Domain-wall dynamics and Barkhausen effect in metallic ferromagnetic
materials. il. Experiments

Bruno Alegssandro,® Cinzia Beatrice, Giorgio Bertotti, and Arianna Montorsi®
Istituto Elettrotecnico Nazionale Galileo Ferrarvis and Centro Interuniversitario Struttura della Materia,
C. M. d’Azeglio 42, I-10125 Torino, Italy

{Received 9 February 1990; accepted for publication 4 May 1990}

Barkhausen effect (BE) phenomenology in iron-based ferromagnetic alloys is investigated by a
proper experimental method, in which BE experiments are restricted to the central part of the

hysteresis loop, and the amplitude probability distribution, P, (@), and power spectrum, Flw),
of the B flux rate ® are measured under controlled values of the magnetization rate 7 and
differential permeability u. It is found that all of the Axpenmeutai data are approxzmately

consistent with the law P, (d) P

exp( — ¢d/ (b)), where all dependencies on J and  are

described by the single dimensionless parameter ¢ > 0. Also the parameters describing the
shape of F(w) are found to obey remarkably simple and general laws of dependence on  and
4. The experimental resuits are interpreted by means of the Langevin theory of domain-wall
dynamics proposed in a companion paper. The theory is in good agreement with experiments,
and permits one to reduce the basic aspects of BE phenomenclogy to the behavior of two
parameters describing the stochastic fiuctuations of the local coercive field experienced by a

moving domain wall.

i. INTRODUCTION

The Barkhausen effect’” (BE) is easily detectable by
means of a pickup coil wound arcund a ferromagnetic speci-
men, when the material is magnetized under the action of a
varying external field H,. The induced voltage exhibits sto-
chastic fluctuations (B noise) which, at low magnetization
rates, result in large bursts (commonly termed £ pulses or B
jumps) separated by random waiting times. It is well known
that this behavior originates from the random nature of the
interactions of magnetic domain walls (DWs) among them-
selves and with microstructural defects (impurities, disloca-
tions, grain boundaries, etc.}. Loosely speaking, the value of
the BE flux rate per coil turn, <i>, measures the velocity of
active DWs and a B jump indicates a sudden passage of the
magnetic domain structure to a new metastable configura-
tion. In this respect, BE is a most sensitive probe and repre-
sents, in principle, a powerful, unigue tool to study the pro-
cesses at the origin of ferromagnetic hysteresis.

However, the translation of this general statement intc a
quantitative experimental approach is by no means a simple
task, owing to the inherent complexity of BE phenomeno-
logy. In fact, BE statistical properties show a highly nontri-
vial, nonlinear dependence on demagnetizing effects (i.e., on
the apparent permeability of the system), as well as on the
magnetization rate of change 7. Several authors have
stressed the presence and the puzziing character of these
nonlinearities when BE fluctuations of low angular frequen-
cy w {say w/2w S 10° Hz) are considered.>®® On the other
hand, BE properties are strongly dependent on the point of
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the hysteresis loop where they are considered. Of course, this
may be the consequence of the use, as is often the case, of a
triangular applied field waveform, which produces a magne-
tization rate J proportional to the differential permeability '

i =dI /dH,. This complication, however, can be avoided
by modifying the field waveform, in order to obtain a con-
stant I along each half-loop.’! But even when this is done,
BE does not exhibit stationary properties in the half-loop.
The reason is that magnetostatic effects, measured by y,
change along the loop, thus affecting the # noise behavior. In
addition, domain creation and annthilation processes con-
tribute to BE only when the magnetization approaches the
saturation value, but not in the central part of the loop,
arcund { ~0, where DW motion is the dominant process. BE
investigations which do not take these aspects into account,
and average BE properties over the whole hysteresis loop,
will inevitably confuse the effects of different magnetization
mechanisms and different dynamic conditions (measured
by 7 and x) in an intricate way, thus hindering an adequate
physical interpretation.

In the present paper, we discuss an experimental ap-
proach'? where these difficulties are avoided by limiting BE
measurements to a narrow magnetization interval Af of each
hysteresis half-loop, centered around [ =0, where pu is
usually fairly constant. An external field increasing at a con-
stant rate H, produces, in this interval, a constant magneti-
zation rate = pH . The BE signal corresponding to AJ has,
in each half-loop, a duration Ar = A7 /7, and within this time
interval it is expected to behave as a stationary stochastic
process, associated with the well-defined magnetization
mechanism, DW motion, and with well-defined values of 7
and p. These values are controlled by the frequency of the
applied field waveform and the degree of magnetic flux clo-
sure at the ends of the specimen. They can be varied over a
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wide range in order to explore the dependence on Tand pof
the two quantities which provide the basic statistical charac-
terization of the B signal, i.e., the amplitude probability dis-
tribution P, (@) and the power spectrum F{o) of the BE
flux rate &.

By this method, we have carried out a comprehensive
investigation of BE behavior as a function of J and g in poly-
crystalline 3% SiFe over the range 2.5Xx10° <pu/p, <6
> 10% and 1.5%106°* Ts '<F<1.5 Ts ' Our experi-
ments show that the dependence of P, (®) and F{w) on T
and g is governed by remarkably simple and general laws. To
a good degree of appreximation, all of the experimental data
are in agreement with the law

Py (D) =k, D" ' exp( — eb/SI), (b

where k, is a normalization constant, .S is the specimen
cross-sectional area, and the dependencies on 7 and e are
included in the parameter ¢ > 0. As regards the BE power
spectrum F(w), we have found that F{w) exhibits a maxi-
mum

Foyp = Slg, (D) (1/10) (2)

at the frequency w,, « 1 *2, where the function g, (I) being
fairly constant over a wide  range. When o> w,,, Flw)
approaches the law

Floy=k.i/o

where k. is independent of Iand L.

These laws are the basic result of our studies. They pro-
vide a clear, quantitative description of BE phenomenology,
and a stringent test of theoretical models. In this connection,
we will compare them with the predictions of the Langevin
description of DW motion proposed in the preceding com-
panion paper.’® The dependence of BE properties on 7 and u
is satisfactorily reproduced by the theory, under quite natu-
ral and reasonable assumptions sbout the parameters that
describe the DW interaction with the surrounding perturbed
medium. ¥t must be stressed that direct physical conclusions
can be drawn from this comparison basically because the
assumptions made in the theory (that DW motion is the
relevant magnetization mechanism and that BE can be de-
scribed as a stationary stochastic process, associated with
well-defined values of J and i) have a precise counterpart in
the conditions under which the experiments are carried out.

We conclude with a comment on the generality of the
results presented in this paper. In our opinion, they are rep-
resentative of BE behavior in a wide class of metallic ferro-
magnetic materials. The literature gives strong support to
this statement. The shape of the BE power spectrum F{w)
found in the present experiments is basically the same, with-
in a scale factor, as in NiFe alloys with vanishing anisotro-
pies,'* in grain-oriented 3% SiFe alioys with Goss or cubic
texture,!' and in 3% SiFe single crystals.”” The law
Fy o pi*’? has been found for fixed 7 in experiments on SiFe
single crystals,'® and is also indirectly supported by other
experiments® on grain-oriented 3% SiFe. The high-frequen-
cylaw Flw) ~ k‘J /&?, which holds even when the B noise is
averaged over the whole hysteresis loop, has been known for
a long time.’® This generality of BE properties appears even
more remarkable when it is contrasted with the extreme var-

(3
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iety of the magnetic domain structures present in NiFe (the
very existence and nature of D'Ws is debated), in SiFe poly-
crystals (an intricate domain pattern is present in each grain,
with strong magnetostatic interactions from grain to grain),
and in SiFe single crystals (a few antiparallel domains of
Macroscopic size, separated by 180° DWs are ordinarily the
case). Certainly, with BE we are in the presence of a phe-
nomenon of deep physical meaning, in direct connection
with the basic principles governing ferromagnetic hysteresis.

. EXPERIMENT

Measurements were performed on a strip of nonoriented
polycrystalline 3% SiFe (of grain size ~ 100 gm) of dimen-
sions 0.2 X0.01 X (3.5% 107} m, placed in 2 configuration
shown schematically in Fig. 1. The experiment was included
in a double-mumetal box, and all measurements were car-
ried out in a shielded room in order to avoid spurious contri-
butions to the detected signal. The strip was subjected to a
slight tensile stress ~5 MPa. The magnetic circuit was
closed by means of a mumetal yoke, separated {rom the strip
by a variable nonmagnetic gap. By adjusting the gap width, it
was possibie to vary the differential permeability
pu=dI/dH, in the magnetization interval Af of interest
from pe/a, = 2.5% 107 (open strip) to p/p, = 6x10*
{yoke in contact with the strip). The strip was magnetized
by applying a triangular current waveform toasolenocid. The
magnetizing current frequency was varied so as to investi-
gate various magnetization rates over the range 1.5 107*
Ts '<7<1.5Ts . The peak magnetization /,, of the hys-
teresis loop was kept equal t0 1.3 T in all experiments. It was
found that the BE behavior arcund F= 0 did not change
appreciably when considering loops with I, > 1.3 T, so that
we can simply describe the present experiments as referring
to the saturation hysteresis loop of the material. On the other
hand, we expect some dependence of BEon /,,, when 7, 5 1
T. The investigation of this dependence, which should pro-
vide further insight into the connection between BE and
magnetization processes, lies cutside the scope of the present
paper.

The B noise was detected by a 50-turn coil, whose width
was ~ 2 mm, that was placed in the middle of the strip. We
stress the importance of using a narrow encugh coil, which
ensures that the induced voltage is proportional to the mag-
netic flux rate of change P in a definite cross section. When

MAGN. B. NOISE
CURRENT % SIGNAL
SCLENQID
STREES SPECIMEN STRESS
W anh g . g .+ 7+ 7.¢ v 2277 # o7 R
PICK-UP PP
GAP COIL GAP

FLUX-CLOSING YOKE

FIG. 1. Schematic representation of experimental setup.
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wider coils, even covering the whole specimen, are em-
ployed, low-frequency noise fluctuations, which have a long-
er spatial correlation length,>'” are enhanced with respect to
the high-frequency ones. The experiment then becomes de-
pendent on the coil characteristics and the results are not
easily amenable to a clear physical interpretation. The de-
tected voltage was amplified by a low-noise, dec-coupled
PAR 113 amplifier, and was processed by a Nicolet 660 ana-
lyzer. dc coupling is essential to obtain meaningful data on
the amplitude probability distribution, 7, (@), especially at
low 7, where P, () exhibits a strongly non-Gaussian behav-
ior. In power spectrum measurements, a careful subtraction
of the amplifier background noise was performed. In this
way, we were able to measure the noise spectrum down to .1
Hz even at the lowest magnetization rates (1.5x10 *
Ts™ ) that were investigated.

As anticipated in the introduction, BE investigations
were restricted to a central magnetization interval Af of each
half-loop. In each experiment, several subsequent half-loops
were considered in order to achieve a satisfactory statistical
averaging of P, (®) and F(w). The interval A was selected
by means of a trigger circuit which, at controlled applied
field levels, started and stopped the signal acquisition and
analysis. The appropriate trigger field levels were chosen,
case by case, by direct inspection of the behavior of the dif-
ferential permeability along the haif-loop, determined from
the corresponding behavior of the magnetization rate at con-
stant H,. An example of the typical permeability behavior is
shown in Fig. 2. The plateau where g is fairly constant is
evident, and the interval where the noise analysis was carried
out is indicated. It corresponds to a magnetization interval
of 0.4 T. Actually, the choice AF = 0.4 T was found to be
appropriate for all the investigated p values. Note that, by
this method, the contribution of the periodic flux rate wave-
form to the signal processed by the analyzer is simply a con-
stant, which is ignored in the Fourier analysis. Consequent-
1y, the power spectrum is not altered by the presence of lines
related to periodic coniributions to the signal and can be

3

H/pe

503

APPLIED FIELD (arbitrary units)

FIG. 2. Typical behavior of differential permeability along the hysteresis
half-loop. The bar indicates the field interval where 2 noise is analyzed. It
corresponds o a magnetization interval of 0.4 T.
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measured with good accuracy up to fairly high magnetiza-
tion rates, J=1.5 Ts~! in the present experiments. The
main limitation of this method is that it can provide informa-
tion only on BE fluctuations of frequency /27 < I/A€ and
this lower bound of course increases with increasing 7.

. RESULTS ON AMPLITUDE PROBABILITY
DISTRIBUTION

When considering BE statistical properties, in the past
attention has often been focused on the signal autocorrela-
tion function or the power spectrum. In fact, these quantities
give direct information on the most striking and peculiar
feature of BE, the clustering of magnetization reversals into
large bursis. But important results can also be obtained from
the amplitude probability distribution, P, ((§>), measuring
the probability that the B flux rate per coil turn, ®, attains a
given value at a generic time. The study of this quantity is
analogous to B pulse counting experiments.'®2° However,
the results of these studies are weakened by the fact that the
concept of single, separately detectabie & pulse applies only
to low magnetization rates. On the other hand, the number
of B pulses, without consideration of their size, is often not a
quantity of direct physical interpretation. P, (®) is expected
to provide the same type of information in a much better
way.

The dependence of £, () on [ and @ was investigated
by the method discussed in the previous section. A typical
result of this study, referring to fixed ¢ and variable I, is
shown in Figs. 3 and 4, where semilogarithmic scales are
used to make visible the details of the behavior of 7, in the
high & tails. At high I, P, ($) tends to become 2 Gaussian of
width definitely smaller than its mean vaiue, (D) =SI. In
terms of DW motion, this means that the DWs are moving at
a velocity v < (b), and weakly fiuctuating around this aver-

5

=018

YORD

& (V) 3P
FIG. 3. Amplitude probability distribution P, ($), measured at fixed per-
meability, /p, = 5X 10, and variable I (7) 4.9 10" *Ts % (0) 0.15
Ts (0)0.49Ts . Continuous lines are calculated from Eq. (1}, using
¢ values given in the figure.
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FIG. 4. Same as Fig. 3, represented in semilogarithmic scales.

age value. With decreasing 7, P, (®) progressively acquires a
non-Gaussian shape and tends to diverge for & 0, when 7 is
sufficiently low. This behavior corresponds to the presence
of B bursts separated by finite time intervals where ® ~0. In
other words, the DW motion becomes intermittent as a con-
sequence of the hindering effect of pinning centers and DW-
DW interactions.

As shown in Fig. §, a simtiar behavior is observed when,
instead of decreasing 7 at fixed u, we increase u at fixed 7. In
fact, it is known'? that clustering phenomena in BE are de-
stroyed by magnetostatic fields and are thus expected to be
favored not only by a low magnetization rate, but also by a
high permeability. The remarkable point is that this analogy
is not merely qualitative, but can be given a definite quantita-
tive form. Actually, we have found that all of our measure-
ments could be fitted well by Eq. (1), where the dependen-
cies on 7 and g are included in the single dimensionless
parameter ¢>0. According to Eq. (1), the behavior of
P, (®) for &0 changes drastically, from P, ($) -0 to
A (®) — oo, when ¢ crosses the value & = 1. We can say that
¢ = 1 defines the boundary between the regime (&> 1) of
continuous DW motion and that {Z <« 1) of intermittent DW
jumps. Note, however, that the divergence of P, (<i>—» o)
when ¢ < | cannet be directly observable in experiments. In
fact, assuming that Bq. (1) describes the BE amplitude dis-
tribution, the distribution actually measured in experiments
will not correspond directly to Eq. (1), but to the convolu-
tion of Eq. (1) with the Gaussian distribution of the amplifi-
er background noise. The latter can, however, be measured
independently and the convolution calculated with no arbi-
trary parameters in addition to . This was the procedure
that was followed in the comparison between experiments
and Eq. (1). A typical example of the agreement thus ob-
tained is shown by the continuous lines in Figs. 3, 4, and §.

The basic features of the dependence of £, (‘i)) on 7 and
4 are reproduced by Eq. (1) rather comprehensively, but
under specific conditions (low £ and/or high 1) a significant

2811 J. Appl. Phys., Val. 68, No. 6, 15 September 1990

07 057 |
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FIG. 5. Amplitude probability distribution P, ($), measured at fixed mag-
netization rate, F== 0.15Ts |, and variable u/210: (O) 2.5 165 (013 10%
{57 6X 10* Continuocus lines are calculated from Eq. (1), using ¢ values
given in the figure. Broken-dotted lines are obtained from computer simula-
tions assuming 4 = 1.65xX10°A°m Wb "and (1) £ = B4 X 10 ° Wh,
(V) £=13x10 *Wb.

discrepancy is sometimes observed. The measured distribu-
tion decays to zero as exp{ — #® /ST only up to some maxi-
mum fiux rate, beyond which 2 definitely stronger decay
takes place, as shown in Fig. 5. In Sec. ¥V, we will show that
this behavior has a precise physical meaning, consistent with
the Langevin description of DW dynamics proposed in pa-
per . In fact, Eq. {1} can be derived from this description
under approximations which no longer hold for iow Jor high
4. When the general theory, without approximations, is in-
vestigated by computer simulations, it is found that the be-
havior of P, (®) predicted by the theory is always in good
agreement with experiments. These numerical results have
permitted us to determine the parameter ¢ in those cases
where Eq. (1) led to ambiguous and unreliable fits.

Figure 6 summarizes our investigations on the BE am-
plitude probability distribution by showing the behavior of
the parameter ¢ as a function of 7 for various . The values
determined directly through Eq. (1} are represented by the
open symbols, while the filled symbols indicate those cases
where the support of computer simulations was needed. Toa
good degree of approximation, ¢~ *? in the region &> 1,
and tends to & ~J when 7 < 1. The permeability dependence
is approximately &~g ~ '/2. The physical meaning of these
results will be discussed in Sec. V.

Y. RESULTS ON POWER SPECTRUM

We have applied the method discussed in Sec. Il to study
how the power spectrum F{) of the flux rate per coil turn,
&, depends on f and g. Typical results are shown in Fig. 7
{variable 7 and fixed 1) and Fig. 8 (variable g and fixed I 3.
Ir analogy with amplitude distribution results, similar ef-
fects are observed when 7 is increased or g is decreased.
These modifications are characterized by few, remarkably

Alessandro of al. 2911
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FIG. 6. Parameter ¢ of Eq. (1), obtained by fitting experimentat data, vs J
for different values of u/u,: (O) 2.5 10% (O) 5 10% () 16% (D)
2.7 % 10% (I>) 6 X 10*. Open symbols were obtained directly from Eq. (1),
filled symbols with the support of computer simulations. Continuous lines
have been added for the sake of clarity. The heavy horizontalline represents
the boundary between continuocus (¢ > 1) and intermittent (¢ < 1) DW mo-
tion regimes.

(Vs)

Fed/S

1022 R P R N R
10! wi2n  (Hz) 10°

FIG. 7. Normalized B noise power spectrum F{ w)/STvs anzalysis frequency
/2 for fixed permeability u/u, = 5x 10° and variable I: (1) 4910 *
Ts 5(2)015Ts % (3)049Ts ' (same as Figs. 3 and 4). Solid lines:
experimental results. Broken-dotted line: prediction of computer simula-
tions, assuming 4 = 1.65X 10°A’m "> Wb~ ', £ = 53X 10 ° Wb. Broken
lines: predictions of Eq. (12), assuming 4 = 1.65X 10°A’>m *Wbh 'and
(2) £=6X10""Whb; (3) £=67X10 °Wb.
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Flw)/Si

{015 78!

{Vs)

1012 L L H 5 . i P o1 g L
¢ w/Zn  (Hz) 10

FIG. 8. Normalized B noise power spectrum F{ @)/, SIvs analysis frequency
w/ 27 for fixed magnetization rate J = 0.15 T s ' and variable u/u,: (1)
2.5 10% (2) 10% (3) 6 10* (same as Fig. 5). Solid lines: experimental
results. Broken line: prediction of Eq. (12), assuming 4 = 1.65% 10°
A’m Wb ! £=55%10"" Wb. Broken-dotted lines: predictions of
computer simulations, assuming 4 = 1.65X10° A>m" > Wb ' and (2)
E=84X10""Wb; (3) £=1.3X10 *Wb.

3

simple laws, even though a single analytical expression for
F(w), like Eq. (1) for P,, could not be found. At high analy-
sis frequencies (w/27 2 1 kHz), F(w) is described by Eq.
(3), where the parameter k. is independent of I and u, and is
thus expected to be directly connected with the material mi-
crostructure. &y =~3.2X107 V2T~ ! for the present ex-
perimental data. At lower w, the central characteristic of
F{w) is the presence of 2 maximum F,, at a certain angular
frequency w,,. The experimental dependence of F, and w,,
on [ at various u is shown in Figs. 9 and 10. F,, is well
described by Eqg. (2), where the function g (Iyis fairly con-
stant, g ([} =7.5X 102 Vs, for IS10-2Ts™}, and de-
creases when higher values of I are considered. The heavy
line in Fig. 9 represents the condition ¢ = 1, as could be de-
rived from the data of Fig. 6. It shows that the presence of B
clusters (¢ < 1} corresponds to constant g, and the regime
of continuous DW motion (¢ > 1) to decreasing g,.. The fact
that F,, is proportional to 7 (constant g, ) when ¢ < 1 means
that we are in the presence of B clusters which do not change
their average size, but only their time separation, when Iis
varied. When Jis increased up to the point where é2 1, the B
clusters begin to coalesce, giving rise to a continuous signal
and tc a corresponding reduction of low-frequency fluctu-
ations (decreasing gr). As t0 w,,, Fig. 10 shows that its
dependence on / is approximately @, « I /2, at least for val-
ues of / that are not too smail. The dependence on 4 isnot so
simple. To a first approximation, it can be described as
Wy~ 7 where « lies somewhere in between § and 1, de-

2912
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0 io(Teh °

FIG. 9. Normalized maximum F,, /ST of B noise power spectrum vs I for
different values of p/p,: (O) 2.5x10% (&) 3x10% () 10% (D)
2.7 10% () 6X 10* Continuous lines have been added for the sake of
clarity. The heavy line represents the boundary between continuous (2> )
and intermittent (¢ < 1) DW motion regimes, as could be ohtained from the
data of Fig. 6.

pending on 7 and p. Note, however, that the accuracy in the
determination of w,, is generally poor, and becomes even
poorer at low I and high u, as @, approaches the lower
bound of the @ range accessible to experiments.

A last parameter which can be used to characterize
F{w) is its area (the B noise power) P = { F(w)dw/2m,
shown in Fig. 11. Pis approximately described by the law

P=8lg, (1) (u/py)"™ €Y

The behaviorof g, (7 } is similar to that of the( function g (l’ )
of Eq. (2). The main difference is that g,(f) is not a con-

e e e e

102

he

/20 (Hz)

63 i (Tgh 10°

FIG. 10. Freguency @,,/2m corresponding to the maximum &, of B noise
power specirum vs  for different permeabilities. For the meaning of sym-
bols and continuous lines, see Fig. 9.

2813 J. Appl. Phys., Vol. 68, No. 8, 15 September 1980

(V)

P/5l1

1(59 . i, ; L
164 i (rsh w°

FIG. 11. Normalized B noise power P /51 vs I for different permeabilities.
For the meaning of symbols, heavy and continucus lines, see Fig. 9.

stant, but a weakly increasing function of I, when [ is low.
This behavior reflects the fact that F(w) for such values of I
acquires a shape characterized by a slope in between » = '
and " * over a wide frequency range, as shown in Fig. 7.
We mentioned before that F(w) can provide important
information on clustering phenomena in BE. Other authors
have pointed out the relationship between the spectrum cut-
off frequency and the mean duration of B clusters,>'® and
have interpreted the presence of the maximum F; in terms
of a time-amplitude correlation between subsequent B clus-
ters due to magnetostatic effects.’ Qur experiments show,
however, that the maximum ¥, is even more pronounced in
the regime > 1, where B clusters are no longer present, so
that 2 more general interpretation is needed. In the following
section, this point will be discussed in the frame of the Lan-
gevin description of DW motion developed in paper L

V. DISCUSSION

In this section, we shall apply the theory developed in
paper I to the interpretation of the present experiments. We
briefly recall that the theory is based on the following sto-
chastic differential equation for the BE flux rate ®:

do n D51 1 dH, ,

== —_—— 5
dr T oG dt )

where o is the electrical conductivity (o = 2X10°€ "'m~
in the present case}, & = 0.1356, and

T = oGSu. (6)
The local coercive field H, obeys the Langevin eguation
dHc Hc _<H¢> . dW

1

) (7N

do & dd
where the Wiener~Lévy process W{®) is characterized by
{(|[dW|*) =24 d®. (&)

The interaction of the moving D'Ws with the surrounding
medium is described by the constant 4 and the correiation
length £, which are expected to be directly connected to the
microstruciure of the material under consideration. The the-
ory predicts (after some approximations thoroughly dis-
cussed in paper ) that the amplitude probability distribu-
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tion P, (Cb) should precisely obey Eq. (1}, with
e=SI[(6GY/41(U/7+ /1) (9)
and
T, =& /51 (10)
The power spectrum #{(w), on the other hand, is described
by the eguation
A4 ©”

F(w) = 48T — .
{(oG) (®+7 D@ +7,D

(11
Due to the approximations introduced in the analytical
treatment, the behavior of P, (fb) and F(w) predicted by
Eqgs. (5)-(8) tends to deviate from that of Egs. (1) and (11)
under some specific conditions (low 7 and/or high x). In
these cases, improved predictions can be obtained by com-
puter simulations'® in which Egs. (5)~(8) are used to nu-
merically generate ®(z).

A first prediction of direct physical interest, implied by
Eq. (11) but of general validity for any value of 7 or g, is that,
at sufficiently high angular frequencies, the power spectrum
approaches the law

Flo) =4ST {4 /(oG /o’ (12)

Parameter 4 describes the spatial fluctuations of shori-range
DW interactions and, as such, it is expected to be indepen-
dent of 7 and u. We thus arrive at the conclusion that
F(w) ~k.I /o with k, independent of J and . This is just
what is found in experiments, as shown by Eqg. (2). The
experimental data are consistent with 4~1.65x10¢
A’m 2Wb L

At lower w values, the main feature predicted by Eq.
(11) is the presence of a maximum

Fy =4ST{4/(0GY 1 (/7 + /1) 77, (13)
located at the frequency
@y = {77,y ~ A (14)

Even this prediction is in fair agreement with experiments.
The broken lines in Figs. 7 and 8 represent the prediction of
Eq. (11} when 4 has the value given above and £ is conve-
niently adjusted. The main difference between the measured
spectra and Eq. {11) is the shift of the predicted values of w,
with respect to the experimenial ones. This discrepancy is
probably due to the oversimplified description of magneto-
static fields assumed in the theory. Recent studies®’ seem to
indicate that it might be corrected by considering the details
of the longitudinal flux propagation along the specimen.

A crucial aspect of the present comparison between the-
ory and experiments is that the values of 4 and £ obtained by
ﬁtting the spectrum F{®) must also consistently determine
Py (®). Figures 5-8 show this to be int fact the case. A seem-
ingly good agreement has been found in all cases, ever when
for high p or low I Egs. (1) and (11} are no longer good
approximations of the theory. In these cases, P, (D) and
F(w) were obtained numericaly from computer simulations
based on Eqgs. (5)—(8), and, remarkably enough, a good and
consistent agreement was still found, as shown by the broken
dotted lines in Figs. 5 and 8. Note, in particular, that the
computer simulations correctly reproduce the high & decay
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of P, (&) [more rapid than the one predicted by Eq. (1)}
observed in experiments.

By this fitting procedure, the dependence of £ on [ and i
consistent with the experimental data was obtained. This is
shown in Fig. 12. The figure suggests that £ is independent of
Iand g, £~5x10"° Wb, when ¢ < i, whereas £ is an in-
creasing function of 7 and g when &> 1. The dependence of &
on ] can be interpreted, at least gualitatively, by considering,
as discussed at the end of paper I, that & =~ . Where & w
is the correlation length associated with the motion of a sin-
gle D'W, and # is the number of simultaneously active DWs.
Enw, like A4, is expecied to be a constant, independent of 7
and ;. When ¢ < 1, the DW dynamics within a B cluster is
not affected by the rate of change of the applied field. This is
confirmed by the fact that F,, o/ in this regime. Under
these conditions, n is expected to be constant, # ~#n,, so that
& =y £nw, independent of 7, Conversely, when &> 1, the
apptied field forces more and more DWs to become active in
order to provide the required total flux rate, so that », and
thus £, will graduaily increase. The interpretation of the joint
dependence of £ on Fand 4 does not seem so intuitive. It will
be analyzed in detail in future papers.

Vi. CONCLUSION

In this paper we have tried to provide an experimental
characterization of BE phenomenology amenable to a clear,
direct physical interpretation. Basically, our approach has
consisted in restricting & noise measurements to the ceniral
part of the hysteresis loop, and in measuring the amplitude
probability distribution P, (d) and the power spectrum
F(w) under controlled values of the magnetization rate [
and differential permeability . Both P, (®) and F(w) have
been found to obey remarkably simple and general laws
{Egs. (1)-(4) 1, which have been interpreted in the frame of
the Langevin theory of DW motion developed in paper L.
This theory seems to provide a consistent interpretation of
the origin of BE. Its main weakness is, however, the fact that
Eq. {7) is postulated, and not derived from a microscopic
theory of coercivity, able to elucidate how the parameters 4
and £ depend on 7, i, and the microstructural properties

b/ a-
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FIG. 12. Parameter & of Eqs. (9)-(12) obtained by fitting experimental
data vs { for different permeabilities. For the meaning of symbols and con-
tinuous fines, see Fig. 9. For the difference between open and filled in sym-
bols, see Fig. 6.
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{grain size, texture, internal and applied stresses, etc.) of a
given material. This development would be of considerable
importance, also in view of the general interest in BE as a
nondestructive tool®!*?%?? to test the microstructural prop-
erties of magnetic materials.

ACKNOWLEDGMENTS

This work was supported in part by‘ the Progetto Fina-
lizzato Energetica, under Grant CNR-ENEA, and by the
Italian Ministry of Education.

'K. Stierstadt, Der Magneiische Barkhausen Effekt, Springer Tracts in
Modern Physics (Springer, Berlin, 1966).

2H. Bittel, IEEE Trans. Magn. MAG-3, 359 (1969).

*G. Montalenti, Z. Angew. Phys. 28, 295 (1970).

*J. C. McClure, Ir. and K. Schroder, CRC Crit. Rev. Solid State Sci. 6, 45
(1976).

*8. Tiitto, Acta Polytech. Scand. 119, 1 (1977).

*W. Grosse-Nobis, in Noise in Physical Systerms and 1/f Noise, edited by P.
H. E. Meijer, R. D. Mountain, and R. J. Soulen, Jr. (National Burean of
Standards, Washington, 1981), p. 317.

"B. Alessandro, C. Beatrice, G. Bertotti, and A. Montorsi, J. Appl. Phys.
64, 5355 (1988).

* L. Storm, C. Heiden, and W, Grosse-Nobis, IEEE Trans. Magn. MAG-2,
434 (1966).

2815 J. Appi. Phys., Vol. 68, No. 6, 15 September 19380

M. Celasco, F. Fiorillo, and P. Mazzetti, Nuovo Cimento B 23, 376
(19745,

"We employ SI units, with the convention B = pu, / + I, and we assume
that the term e, dH /dt can always be neglected with respect to dF /dt in
any flux rate evaluation. This implies that we can approximate the differ-
ential permeability u=dB /dH, aspdl /dH,.

' See . Bertotti, F. Fiorillo, and M. P. Sassi, J. Magn. Magn. Mater. 23,
136 {1981}, and in Noise in Physical Systems and 1/f Noise, edited by P.
H. E. Meijer, R. ID. Mountain, and R. J. Soulen, Jr. (National Bureau of
Standards, Washington, 1981), p. 324.

2 Preliminary results on the present experiments have been reported in the
following conference papers: B. Alessandro, G. Bertotti, and F. Fiorillo,
Phys. Scr. 39, 256 {1989); B. Alessandre, G. Bertotti, and A. Montorsi, J.
Phys. (Paris) Collog. 4%, C8-1907 (1988). See also Ref. 7.

1*B. Alessandro, C. Beatrice, G. Bertotti, and A. Montorsi, . Appl. Phys.
68, 2901 (1990} {part I).

¥ G. Couderchon, J. L. Porteseil, G. Bertotti, F. Fiorillo, and G. P. Soardo,
IEEE Trans. Magn. MAG-25, 3973 (1989).

Y G, Bertott, F. Fiorillo, and A. M. Rietto, IEEE Trans. Magn. MAG-20,
1481 (1984).

1P, Mazzetti and G. Montalenti, in Proceedings of the ICM Cenference,
Nottingham, 1964 (The Institute of Physics, London, 1964y, p. 701.

Y F. Fiorillo, in Proceedings of the Soft Magnetic Material 7 Conference,
Blackpool, 1985 (University College, Cardiff, 1985}, p. 99.

V. M. Rudyak, Sov. Phys. Usp. 13, 641 (1971).

9¢C. G. Gardner, G. A. Matzakanin, and D. L. Davidson, Int. J. Nondes-
truct. Test. 3, 131 (1971).

D, C. Jiles, IEEE Trans. Magn. MAG-25, 3455 (1989).

21G. Bertotti and F. Fiorillo, JEEE Trans. Magn. MAG-28, 3970 (1989).

* R, Rautioaho, P. Karjalainen, and M. Moilanen, J. Magn. Magn. Mater.
61, 183 (1986).

Alessancro et a/. 2915




