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A System for Simultaneous Measurement of Hysteresis Loops
and Barkhausen Noise in Amorphous Ferromagnetic Ribbons

Abstract. This work presents a measurement system built from the ground up, allowing for the simultaneous observation of hysteresis loops and
Barkhausen noise in amorphous ferromagnetic ribbons. The system consists of a solenoid that generates a uniform magnetic field and two oppositely
coupled coils: a sample coil containing the magnetic material and a compensating coil. Hysteresis measurement is performed by measuring the
voltage induced on the coils, which is then amplified and integrated. A hysteresis graph is a representation of calibrated magnetization values as a
function of the magnetizing field.

Streszczenie. W niniejszej pracy przedstawiono zbudowany od podstaw uktad pomiarowy pozwalajacy na jednoczesny pomiar petli histerezy cienkich
tasm amorficznych oraz ich szumow Barkhausena. Uktad skiada sie z solenoidu, ktdry jest Zrodtem jednorodnego pola magnetycznego oraz dwdéch
cewek: pomiarowej z materiatem magnetycznym oraz kompensacyjnej potaczonych przeciwsobnie. Pomiar histerezy odbywa sie poprzez wzmocnienie
i analogowe catkowanie sygnatu napieciowego pochodzacego od strumienia magnetycznego probki w funkcji nateZzenia pola magnesujacego. Jed-
noczesnie wykonywany jest pomiar szumow Barkhausena polegajacy na wzmocnieniu i odfiltrowaniu sygnatu o czestotliwosci pola magnesujacego,
pochodzgcego wytacznie z cewki pomiarowej. (Uktad do jednoczesnego pomiaru petli histerezy oraz szumow Barkhausena cienkich tasm

amotrficznych.)
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Introduction

Barkhausen noise is observed as step changes in the
magnetization of ferromagnetic materials under the continu-
ously varying intensity of an external magnetic field caused
by the unstable motion of domain walls in a ferromagnetic
material [1]. In thin-film amorphous materials, this pro-
cess may have both statistical [2] and multifractal [3] prop-
erties. In addition to studying the movement of magnetic
domains, Barkhausen noise analysis has wide applications
in non-destructive material testing, such as characterizing
the structure of ferromagnetic materials [4], monitoring cor-
rosion extent [5], and evaluating stress states [6]. The na-
ture of Barkhausen noise is also closely related to the exam-
ined ferromagnetic material’s magnetic properties. Param-
eters such as coercivity, remanence and magnetic perme-
ability are directly-measured from the magnetic hysteresis
and are of significant importance in modeling Barkhausen
noise [7]. However, there are few works in which both
Barkhausen noise and hysteresis loop are measured simul-
taneously [8, 9]. Exploring this area may bring significant
progress not only in the development of the above-mentioned
methods, but also become a new area of research on the
chaotic properties of Barkhasuen noise. This paper present
a system for simultaneous measurement of the magnetic hys-
teresis and Barkhausen noise, which will be the authors’
next step toward researching the properties of chaotic sig-
nals [10, 11], including Barkhausen noise [12].

The presented measurement system consists of a mag-
netic field generator and a detector of sample magnetiza-
tion. The H-field is generated by a long single-layer coil
(solenoid), where the ratio % and the ratio of the sample
length to its thickness are much greater than one. This geom-
etry allows the assumption that the magnetic field H is con-
tinuous and homogeneous [13, 14]. Furthermore, using an
open magnetic circuit in the experiment excludes the appear-
ance of mechanical stresses and does not introduce addi-
tional magnetic material. As a detector for the magnetization
M , two coils are used: a sample coil and a compensating coil
connected oppositely [15]. Such a system ensures that the
flux induced in the measuring coil, which does not originate
from the sample, will be compensated. The signal from the
coils is amplified and integrated and then multiplied by a cal-
ibration coefficient to obtain the M value. The magnetic hys-
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Fig. 1: The block diagram of the measuring system consists
of a magnetizing coil (solenoid) and two pick-up coils oppo-
sitely coupled. The system has two measurement channels:
for measuring magnetic hysteresis and Barkhausen noise.

teresis loop is obtained by plotting the dependence M (H)
(on the graph given as pg M (H) in Tesla). Barkhausen noise
measurement is in the same magnetic system, but the signal
is acquired only from the measuring coil [16] as a voltage
signal proportional to d B /dt [17]. This measurement system
allows for coherent in-time observation of both the noise sig-
nal and the hysteresis loop and for placing the magnetic hys-
teresis parameters directly on the time series of Barkhausen
noise. Thus, the evolution of the parameters describing the
noise can be closely correlated with the shape of the hystere-
sis.

Magnetic field calibration

Measurements of the magnetic field intensity H and the
magnetization M are necessary to determine the hystere-
sis loop of ferromagnetic materials. In this work, it is as-
sumed that the magnetic field standard is a single-layer air
coil (solenoid), which allows for the creation of a uniform field
in its interior. The intensity of this field along the axis of the
solenoid can be determined using the Biot—Savart law:

AL

where « is a function of the position x in the following form

(1) H(z,w) =

[+ 2x | —2x

@) (@)= 2y/d? + (I + 22)? * 2y/d? + (I — 2x)?
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N is the number of turns, and [ and d are the length and
diameter of the solenoid, respectively.
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Fig. 2: The system (a) depicts the electrical circuit of the mag-
netic field generator, whose frequency spectrum (b) is plotted
as a function of the field intensity H(0,w) (see Eq.(1)) per
volt of the generator voltage I/, and its phase delay.

The schematic diagram of the control system for the
magnetic field intensity H is shown in Fig. 2a. The current
through the coil can be expressed as:

_ Eg
" R+ R+ jwL

where L is the inductance of the solenoid, and E is the volt-
age of generator. Substituting it into Eq.(1), the dependence
of the field H on the frequency of the control voltage signal
is obtained. The spectrum H (w) in the applied experimental
system is shown in Fig. 2b. It can be observed that, due to
the inductive nature of the coil, this spectrum has a cutoff fre-
quency fr, = L above which the inductive impedance
becomes significantly greater than the coil’s resistance. This
situation leads to a decrease in the circuit current and, con-
sequently, a decrease in the field intensity H. Below this fre-
quency, the intensity is approximately constant and depends
only on the voltage value of the source E,. In the middle of
the solenoid, it satisfies:

(4) H =~ aFE,

) I(w)

where o = ﬁ R+1RL is a proportionality coefficient con-

taining parameters related to the coil geometry and the elec-
tric circuit.

The solenoid used in the experiment has 458 turns, a
length of 243.5 mm, and a diameter of 36.8 mm. The mea-
sured series resistance (R + Ry) is 50.8 €2, and the coil
inductance is 1.083 mH. The calibration parameter « is 36.6
A/(m-V) (with a standard uncertainty of 0.9, see Tab.1), and
the limit frequency f;, is 7029 Hz (see Fig. 2b). Magnetic hys-
teresis is typically measured at frequencies ranging from 1 Hz
to 100 Hz, which is at least an order of magnitude lower than
the cutoff frequency fr,. Such a system can, therefore, be
used as a simple magnetic field standard linearly dependent
on the control voltage. More accurate calibration is possible
using a more precise H-field measurement device.

Magnetization calibration

Placing a sample of ferromagnetic material in the area of
a uniform magnetic field (inside the solenoid) induces a sec-
ondary field resulting from the organizing dipole moments of
the ferromagnetic material. The total magnetic field is equal
to the sum of the field generated by the solenoid and the sam-
ple magnetization field M. This field can be measured using
a pick-up coil surrounding the sample.
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In the experimental system proposed by the authors, this
measurement is carried out by two series-connected coils
inside the solenoid with diameter 10.4 mm and inductance
7141H, arranged parallel to each other and the lines of the
magnetic field. The first pick-up coil contains the ferromag-
netic sample, while the second coil (compensating) is empty.
The electromotive force induced by the magnetic fluxes com-
ing from the solenoid and the sample can be written as:

E = jwdr £ jweps
(5) = jw(én1 + om) £ jwdne
= Jwdn1 £ jwone + jwdm

Depending on the type of coil coupling, the voltages induced
in the pick-up coils coming from the solenoid’s magnetic field
may be in-phase (cumulatively coupled) or anti-phase (oppo-
sitely coupled). Therefore, if the coils are oppositely coupled
(—jwons) and the induced fluxes are identical (¢on1 = Ppn2),
the output voltage takes the form:

(6) E, = jwoy, = jwnipuoMs,

where s, is the cross-section of the sample and n; is the
number of turns of the pick-up coil.

From the equation (6) it follows that the induced volt-
age is directly proportional to the derivative of the magneti-
zation (jwM), therefore to measure M an integrating circuit
is necessary. In general, it can be assumed that the mag-
netic flux detector system (comprising the pick-up coils and
the amplifying-integrating circuit) should be a linear flux-to-
voltage converter system that satisfies the equation:

(7) Vout = Kfq)

where K is the linear conversion coefficient. This coefficient
can be empirically determined in the proposed measurement
system for cumulatively coupled pick-up coils without sample.
The total flux is then equal to:

(8) D = ¢p1 + dp2 = nipoH st + napoH so

If the coils are identical, the above relationship can be ex-
pressed using equation (4) as follows:

9) O ~ 2npoHs = 2npgakys

The error associated with this approximation has been mini-
mized by empirically adjusting the compensating pick-up coil
so that the relative error of the voltage difference between
both coils is below 1%. From (9) it can be seen that the total
flux @ is proportional to the control voltage E,;. To calibrate
the system it is necessary to measure the output voltage V¢
as a function of the generator voltage F,. The ratio of these
voltages should be constant and satisfy the following equa-
tion:

(10) Vout == mEg

where m is the proportionality coefficient. To find the rela-
tionship between Ky and m, the total magnetic flux from the
equation (9) must be substituted into the (7), then the voltage
at the detector output can be written as:

(11)

Finally, the coefficient K; is obtained by equating the both
sides of the (11) and (10):

Vout = Ky2npoaEys

m
12 K= —
(12) f Loas2n
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The sample magnetization can be determined by sub-
stituting the magnetic flux ¢,,, from the equation (6) and the
rated coefficient K from the equation (12) into the equation
for the detector output voltage (7), obtaining:

(13) M=222y,,

Sp

Similarly to the case of the H-field calibration, the M-field is
linearly dependent on the voltage Fy, and its value depends
on several coefficients that are obtained empirically. Thus,
the primary origin of errors in determining magnetization will
be the measurement of parameters related to the geometry
of the coils (o and s), the electrical gauging of the magnetic
system (m), and the cross-sectional area of the sample (s),).
Ultimately, this equation can be simplified to:

(14) M = ﬂvout

where [ is the calibration coefficient:
o S

(15) B =2m——
m Sp

Electrical circuit of the magnetic hysteresis measure-
ment system

Measuring coil i circuit ‘ ‘

High-pass filter

Fig. 3: Scheme of the system for measuring the magnitude of
the magnetization vector. The system consists of an equiv-
alent circuit of oppositely coupled coils, an integrating ampli-
fier, and a low-pass filter. The output voltage is proportional
to M.

The electrical part of the magnetization measurement
system was shown in Fig. 3. The oppositely coupled coils
were replaced by a common equivalent circuit consisting of
an ideal coil Lp, series resistance Ry, and equivalent ca-
pacitance C'p. The induced magnetic flux is presented in the
diagram as a voltage source with the value:

(16) Vi = jw®

The output current of the coil in the equivalent circuit used

contains two components:
(17) I=1I,+Ic

where [, is the current flowing through the equivalent induc-
tance, which can be described by the equation:

(18) I, = -

and I- which is the current of the equivalent capacitance,
expressed by the equation:

(19) Ic = V_jwC,
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The integrating amplifier can be described by the following
system of equations:

7 = Your =V
(20) T RyllCy
‘/;)ut’ = A(OJ)V_

where A(w) is the open-loop amplifier gain:

Ap
21 A = —
(21) (w) 152

Converting the equations from (17) to (20) the final form is
obtained:

T Jwd
o T T AWT(w) (Rep+jwly) (4jwRsCp) | 1
A(w)T(w) Ry Aw)
(22) 1
Nw)= —F—+—
JjwR;Cy
1 + 1+jw1f%fo

The detector system additionally has a final high-pass filter
that cuts off the offset voltage of the integrating amplifier. Ul-
timately, the output voltage of the system takes the form:

1
(23) Vout = 1—1Vouy
+ jwCupRup
The gain in a given frequency band is:
jwd
(24) Vout & ———0
JwRLpCr + 4

It will be true if the following conditions are met:

1 Rp,
(25) W > woAWw > —— Nw K —= Aw >

Rfo Lp CHPRHP

and the coil capacitance C'p will be negligible (I' ~ 1).
Such a system satisfies the conditions of the equation
(7), and the linear conversion factor of flux-to-voltage will be:

1
26 K= ————
(26) f RLpCf + L

Aowo

This property of the measurement system allows it to be de-
signed such that the bandwidth and gain are matched to the
dynamics of the measured signal. On the other hand, none
of these parameters enter into the uncertainty calculation be-
cause Ky can be determined experimentally as shown in

equation (12).

Barkhausen noise measurement system

Vdq Vdq Vdd Vdd

%

100nF
in

!

Fig. 4: Selective amplifier circuit for measuring Barkhausen
noise. The amplifier consists of a two-stage common emitter
system, which has a gain of approximately 60 dB in the band
500 Hz to 100 kHz.
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Fig. 5: Measurement of the uniformity of the magnetic field
intensity inside the coil as a function of the position relative to
the center of the coil. The points and uncertainties represent
the relative error (AH/H (x = 0)). The theoretical field (see
Eq.(1)) distribution is marked with a solid line.

The system for measuring Barkhausen noise consists of
a selective amplifier built using a two-stage transistor circuit
with a common emitter (see Fig. 4). The amplifier's band-
width ranges from 500 Hz to 100 kHz, with a gain of approx-
imately 60 dB. This system also acts as a low-pass filter, re-
moving the frequency f, and amplifying the noise signal as
shown in Fig. 1. The noise measurement is performed by
observing the signal as a function of time [11].

Testing and calibration of magnetic hysteresis measure-
ment system

This chapter is dedicated to testing and calibration the
system for magnetic hysteresis measurement. First, the uni-
formity of the magnetic field intensity along the solenoid axis
was measured. The results are presented in Fig. 5. The solid
line mark the relative error of the field intensity to the value in
the center of the coil (AH/H (x = 0)), determined using (1).
The points with uncertainties represent the measurements
performed. The obtained relative error is below 1% for dis-
tances of = 7 cm. It means that the resulting field gradient
in this area is negligible, and it can be assumed that the field
along the tested sample is uniform.

Secondly, the impedance of the pick-up coils was mea-
sured in the equivalent circuit as shown in Fig. 3. The mea-
surement involved determining the effective current and volt-
age values for different input signal frequencies on the coils.
The inductance and equivalent capacitance were determined
using linear regression on the measurement data, while the
series resistance value was obtained through DC measure-
ments. The following results were obtained:

L, = (737.0 £ 0.8)uH
C, = (33.3+0.1)pF
R, = (6.7+0.2)Q

(@7)

If the equivalent capacitance Cj, is much smaller than the
capacitance of the integrating capacitor C'r (see Fig. 3), then
the factor T'(w) in the equation (22) becomes negligible.
Finally, spectral measurements of the detection system
were also performed, and the magnetization calibration co-
efficient was determined. The first step was to determine
the ratio between the output voltage from the detector (V)
and the control voltage (E,) in the frequency range from 1
Hz to 100 MHz. The measurement results are presented in
the form of a frequency response chart (Fig. 6a) and phase
characteristics (Fig. 6b). The figure’s solid line represents the
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theoretical function of K f(w), determined based on equa-
tion (22). The dashed line shows the spectrum of the system
containing a sample with high magnetic permeability (the in-
ductance of the pick-up coils with the sample is about 1.7
mH). The points in Figure Fig. 6 represent the measurement
results for the system without the sample and with the cumu-
latively coupled coils. A -3 dB bandwidth from about 1 Hz to
4.5 kHz was obtained.

To determine the calibration coefficient 5 (see (15)), it
was necessary to measure the parameter m (see (10)). This
measurement determines the ratio Vout/Eg for the frequency
for which the phase shift is zero. Using the phase character-
istics (see Fig. 6b), it was found that this frequency is ap-
proximately 60 Hz. The parameter m was determined on the
bais of a measure of Vout(Eg) characteristics for a sinusoidal
signal with a frequency of 60Hz. Using the linear regression
method, the slope of the straight line was obtained, as shown
in Fig. 6b. The regression error is very small (relative error at
10~°), and linearity is maintained throughout the examined
dynamic range. Taking into account the sample dimensions
and the diameters of the measuring coil, we can determine
the cross-sections s, = 0.21mm? and s = 85mm?. Finally,
the beta coefficient is equal 5 = 129.1 A/(m-mV).

Phase shift (degrees)

10! 103
Frequency (Hz)

(c)

04 m = -0.229 + 4E-6
S
5 00
>
-0.4
-2 0 2
Eq (V)

Fig. 6: Figure (a) presents the spectral characteristic and (b)
the phase characteristic of the parameter K. The spectra
were determined using equation Eq.26 for the coil without
the sample (solid line) and with the sample (dashed line).
The measurements of the function m(w) were marked with
points. Figure (c) shows the measurement of the parameter
m for the center frequency fo = 60H z.

Exemplary results

This chapter presents an example of three amor-
phous ribbons measurement (iron-boron alloys with various
dopants), each approximately 50 mm long, 3.5 mm wide, and
about 60 pum thick. Ribbons were successively placed in the
pick-up coil and then magnetized with a variable magnetic
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Fig. 7: The graphs present the magnetic measurements of three amorphous ribbons. The upper plots show the hysteresis
loop measurements for different magnetic field intensities, corresponding to three different remanence values M. The lower
plots represent the Barkhausen noise measurements made simultaneously with the hysteresis measurements. The points
on the graphs represent characteristic values for the hysteresis loops and have been correspondingly transferred to the time

course of the Barkhausen noise.

field at the frequency of 60 Hz and field intensities of 183
A/m. The results were shown in Fig. 7. The top row shows
the M(H) dependencies, which form hysteresis loops for fer-
romagnets. Samples S1 and S3 have low coercive fields, and
sample S1 has a high saturation compared to the others. The
bottom row presents the time courses of Barkhausen noise
for the respective samples and magnetizing field intensities.

In the hysteresis loop plots, six characteristic points are
marked, numbered from 1 to 6. Points 2 and 5 represent
the situations where M(H) = 0, and half the distance between
these points is called the coercive field H.. Points 1 and 4
correspond to the situation where the magnetizing field van-
ishes (M(0)) and represents the state of permanent magne-
tization of the sample, known as remanence Mp. Points 3
and 6 are the extreme points where the magnetizing field in-
tensity reaches its maximum. These points are reflected in
the time courses of Barkhausen noise. It can be observed
that the noise achieves its peak amplitude between points 1-
2 and 4-5. A detailed analysis of the obtained results will be
the main topic of the authors’ following paper.

Uncertainties

This chapter will discuss the uncertainties in determin-
ing the magnetic quantities M and H using the presented
measurement system. According to equation (4), the mag-
netic field intensity will have two components of uncertainty.
The first is the parameter «, which includes quantities related
to the coil's geometry and resistance. The combined uncer-
tainty of this parameter can be expressed as follows:

(28)
(g—;fﬁ(m + (%—OZ‘)Q&(M

(50) w0+ () o m

u(@) =
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The values of the individual components and the total com-
bined uncertainty are presented in Table 1. It can be ob-
served that the uncertainty of determining « is mainly influ-
enced by measuring the resistance. Ultimately, the uncer-
tainty in scaling the magnetic field intensity with the voltage
on the generator will be equal to:

_|oH

(29) u(H) = %u(a) = Eyu(wo)

The uncertainty of the magnetization determination also con-
sists of two components: the coefficient 5 and the control
voltage I/;. The uncertainty of the first component can be
determined from (15) as follows:

(30)
@)= (L) v+ (22 i+

LAN 98\
(5) w0+ (5) v
Similarly to the previous case, the results for the individ-
ual components and the total combined uncertainty are pre-
sented in Table 1. The determining factor for measurement
uncertainty is, once again, the measurement of the coil resis-
tance, which significantly affects the dominant component —
the parameter a.. Ultimately, the uncertainty in the magneti-
zation measurement can be expressed by the equation:

a_Mu
op

u(B) =

(31) u(M) =

<5>\ — Viru(5)

Conclusion
This paper presents a system for the simultaneous mea-
surement of hysteresis loops and Barkhausen noise, as well
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Table 1: Values of individual components of the combined
uncertainty of the o and 3 parameters along with their total
values.

x,  Relative error (%) ;ﬁu(mn)
N 10.9 4.0E-1
l 0.1 3.9E-2
d 0.5 5.9E-1
R+ Ry, 17.8 6.6E-1
« 20.8 8.7E-1

x,, Relative error (%.) %u(mn)
o 23.5 3.4E-3
m 0.01 2.9E-6
S 3.8 6.3E-4
5p 5.7 9.4e-4
B 21,9 4.0E-3

as its metrological analysis. The system used an open mag-
netic circuit, allowing for the observation of signals originat-
ing from domain walls located in the area of the measuring
coil. There are two ways to close a magnetic circuit. The first
method is introducing a magnetic lock made of a soft mag-
netic material into the circuit. The second method consists
of making a toroidal circuit from the tested material. In both
cases, there may be a change in the dynamics of the do-
main walls, affecting the measured correlation dimension of
the magnetization signal.

The proposed measurement system is characterized by
high uniformity of the magnetic field and ease of determin-
ing its value, which is particularly important in Barkhausen
noise studies. Using oppositely coupled coils, ensures that
the error in magnetization measurement largely depends on
the error in determining the magnetizing field. The measur-
ing system is also sensitive to phase shifts when determin-
ing the hysteresis loop. Small deviations from the center
frequency of the detector system cause phase delays be-
tween the measured H-field and the M-field. In addition, in-
troducing a sample with high magnetic permeability can also
cause small phase errors resulting from the change of the
upper cut-off frequency. These errors can be minimized by
broadening the transmission band of the measuring system.
Changing the magnetization frequency, however, may require
redesigning the detector system. Moreover, considering the
fact that Barkhasuen noise measurements can be performed
in a wide range of these frequencies, this may prove to be
particularly troublesome. In the system proposed by the au-
thors, the magnetization frequency is in the order of tens of
hertz, which creates the possibility of measuring noise with
the highest amplitude [18].

Measurements of Barkhausen noise characteristics are
crucial for understanding their nature. This noise can exhibit
deterministic chaos or stochastic behavior. One of the goals
of Barkhausen noise research is to establish the relationship
between the shape of the hysteresis loop and the correlation
dimension of the noise. Also, the discussed magnetization
frequency may have a significant influence on the dimension
value. The presented system satisfies the requirements for
accurately determining the correlation dimension by minimiz-
ing the area of Barkhausen signal collection. We have yet to
find similar solutions in the literature. Errors in determining
the correlation dimension of chaotic signals are influenced
by the methods of signal acquisition representing the studied
dynamic system and subsequent processing, as described in
the paper [11]. In summary, the presented system will enable

further research into the nature of the magnetization dynam-
ics of magnetic materials.
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