
M-H loop tracer based on digital signal processing for low frequency
characterization of extremely thin magnetic wires

M. Butta,1 G. Infante,2 P. Ripka,1 G. A. Badini-Confalonieri,2 and M. Vázquez2

1Department of Measurement, Faculty of Electrical Engineering, Czech Technical University in Prague,
Prague 16627, Czech Republic
2Instituto de Ciencia de Materiales de Madrid (CSIC), Campus de Cantoblanco, Madrid 28049, Spain

�Received 27 April 2009; accepted 26 July 2009; published online 21 August 2009�

A high-sensitivity ac hysteresis loop tracer has been developed to measure the low frequency
hysteresis loop of soft magnetic materials. It has been applied successfully to characterize straight
pieces of amorphous glass-covered microwires with metallic nucleus down to 1.5 �m thick. Based
on the electromagnetic induction law, the proposed design is extremely simple and exploits the
capabilities of commercially available data acquisition cards together with digital signal processing
in order to achieve high-sensitivity without the need of expensive analog equipment. © 2009
American Institute of Physics. �DOI: 10.1063/1.3206264�

I. INTRODUCTION

A reliable system for measuring the low-field range
hysteresis loop is the basic characterization tool in order to
investigate the magnetic properties of soft magnetic materi-
als. For this purpose, commercially available magnetometers,
such as vibrating sample magnetometers or superconducting
quantum interference devices, are extremely sensitive equip-
ment and can provide excellent measurements. Nevertheless,
they present some limitations for the characterization of
very soft magnetic materials, such as the presence of a per-
turbing remanent field of the magnetizing coil, the long mea-
suring times involved, and a limited sample length. These
facts, together with high costs, have motivated scientists in-
volved in the field to move to homemade induction coil
magnetometers1–7 that are more versatile instruments.

The working principle of these devices is based on the
application of a harmonic magnetic field, H, and the simul-
taneous measurement of the magnetic flux, �T, by means of
a pick-up coil closely wound around the sample. According
to Faraday’s law, the induced voltage, Vind, is proportional to
the time derivative of the magnetic flux. This voltage is in-
tegrated and divided by the cross sectional area of the sample
in order to obtain the induction B. The H field is usually
calculated by measuring the current flowing through the
magnetizing coil. This method has some drawbacks in the
case of small cross section specimens, such as very thin mag-
netic wires, where the total magnetic flux is comparable to
the air flux, �air, and subtraction of that flux is needed. To
overcome this problem, a reference pick-up coil is situated
inside the magnetizing coil and connected in series-
opposition to the sample pick-up coil, in such a manner that
the sample magnetization, M, is obtained.

Most of the magnetometers developed for this purpose
have been realized employing analog instruments.1–6 The
voltage induced in the search coils is generally preamplified
and then integrated by means of an analog integrator
�fluxmeter�, returning a signal proportional to M. The current
flowing through the magnetizing coil is measured by a series

resistor in order to obtain a signal proportional to H. An
oscilloscope in X-Y mode is finally employed to display the
M-H loop. Analog methods often require drift correction
procedures1–3 and proved to be not very successful for ex-
tremely small cross section samples. In most cases, a large
number of periods must be averaged to obtain an acceptable
M-H hysteresis loop.4 This is due to the low signal to noise
ratio, determined by a low contribution of magnetic flux
from the sample in the total flux. Moreover, when measuring
the low frequency, quasistatic, M-H loop where dynamical
effects are not observable, the inherent low signal can be
comparable to the noise of the fluxmeter.

A great improvement can be achieved by using a mea-
surement setup entirely based on digital signal processing,
rather than analog systems. In Ref. 4, analog to digital con-
version is performed on the output voltage of the fluxmeter.
On the contrary, in the instrument here proposed, the output
voltage of the pick-up pair is directly digitalized and inte-
grated numerically. Some trials in this direction have been
previously done. In Ref. 7, a system based on digitalization
of both signals is presented. The signals are acquired by an
oscilloscope, and then sent to a personal computer for signal
processing. Unfortunately, this setup did not show relevant
improvement with respect to traditional analog systems and
still requires several thousands of periods to be averaged.
This is mainly due to the fact that oscilloscopes are not the
most suitable instruments to perform digitalization in this
case. An oscilloscope has its core feature in high sampling
frequency, but it usually has poor resolution. On the contrary,
a M-H loop tracer requires high resolution because the signal
to noise ratio is extremely low. Moreover, high sampling
frequency is not essential when investigating quasistatic
magnetic properties. For such purpose, a data acquisition
card is more suitable.

The purpose of the present paper is to describe a simple
high-sensitivity induction loop tracer based on digital signal
processing �voltage integration, fine flux compensation, and
noise reduction� in order to overcome some of the previously
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mentioned problems. The system is entirely based on com-
mercially available equipment and has been successfully
tested in very thin amorphous glass-covered microwires with
metallic nucleus down to 1.5 �m thick.

II. SYSTEM OVERVIEW

The scheme of the equipment is shown in Fig. 1. The
primary circuit consists of a function generator �Standford
Research, model DS345� connected to the magnetizing sole-
noid �12 cm long, 2074 turns wounded by an enameled
0.4 mm copper wire on a glass tube 0.9 cm in outer diam-
eter� to provide a maximum magnetic field H=2.1 kA /m
when supplied with a 10 Vpp amplitude triangular current in
the frequency range between 10 Hz and several hundred
hertz. The secondary circuit simply consists of the compen-
sated pick-up pair �1 cm long, 310 turns, wound by an enam-
eled 0.05 mm copper wire on a glass capillary with outer
diameter of 1.1 mm�.

Analog to digital conversion of the signals �voltage drop
on series resistor R and induced voltage in the pair of sec-
ondary coils� is performed at 250 kHz sampling frequency,
16 bit resolution with differential input by means of a general
purpose data acquisition card �National Instruments, model
NI USB-6211�. No external amplifier was used for the in-
duced voltage, but the lower input range available on the
card �0.2 V� was selected to take advantage of the internal
amplifier of the card.

LabVIEW-based software has been developed in order to
acquire and process the signals and plot the M-H loop. The
H field is simply derived from the measurement of the cur-
rent flowing through the exciting coil by means of the series
resistor R, knowing the primary coil parameters. The calcu-
lation performed to obtain the magnetization M is slightly
more complex. The two following options have been consid-
ered:

�1� The induced voltage in the pick-up pair, Vind, is digitally
integrated to get the total flux, �T. The mean value of
the digitized waveform is numerically subtracted before
integration. By doing so, the drift, a typical problem of
analog integrators, is overcome. The mean value of Vind

is supposed to be zero. Subtracting the average value of
the digitized voltage is equivalent to impose this condi-
tion, avoiding the integration of constant, which would
deform the loop. Finally, the computed flux is divided by
the cross sectional area of the sample to get the magne-
tization M. However, a contribution �air linearly propor-
tional to H must still be subtracted from �T in order to
get the flux through the sample, �. The software auto-
matically calculates the permeability � so that the user

can adjust a coefficient of proportionality between �air

and H until the user gets �=1 in saturation. The coeffi-
cient is given by �0Acoil, where Acoil is the cross sec-
tional area of the pick-up coil and needs to be adjusted
for possible imperfections in the mechanical winding. If
no compensating coil is employed, �air would be com-
puted as �air=�0H�Acoil−Awire���0HAcoil, where Awire

is the cross sectional area of the wire. Nevertheless,
when using the reference coil, most �air is already sub-
tracted and the user should enter the coefficient which
completes the compensation. Numerical correction of air
flux is necessary also when using the reference coil since
complete compensation is in practice not achievable due
to very small differences between the windings and po-
sitioning of the two pick-up coils. Using digital correc-
tion of �air, any mismatch between the sensing coils can
be adjusted as described.

�2� The second method is based on the fact that Vind has the
two following components: a voltage due to the change
of magnetization and a voltage Vair due to the change of
�air that has to be subtracted before integration in order
to get the flux trough the sample �. To calculate Vair, the
H field is derivated and multiplied times a user adjust-
able parameter. Since the amount of �air not corrected
by the compensating coil is not known a priori, this
coefficient is set so that �=1 in saturation.

In both cases, the user should adjust a parameter for
compensation of air flux �performed before or after integra-
tion� and provide the cross sectional area of the sample in
order to compute the magnetization. The cross sectional area
of the magnetic microwire can be determined either directly
�i.e., by means of scanning electron microscopy �SEM� im-
ages� or it can be adjusted until it reaches the expected satu-
ration value, MS. Finally, an averaging routine has been used
in both methods in order to reduce the noise.

III. ILLUSTRATIVE RESULTS AND DISCUSSION

The system has been employed for the measurement of
axial hysteresis loops of 1.5 cm long straight pieces of amor-
phous glass-covered microwires produced in the ICMM/
CSIC laboratories. A detailed description of the preparation
and magnetic properties of these wires can be found
elsewhere.8 Microwires with metallic core diameter from 30
down to 1.5 �m and different magnetization process have
been considered in order to test the loop tracer. CoFe-based
compositions exhibit vanishing magnetostriction and conse-
quently their axial hysteresis loop is expected to be nearly
nonhysteretic with well defined transverse anisotropy field.
In turn, Fe-based microwires are characterized by positive
and high magnetostriction that determines a bistable mag-
netic behavior.

The hysteresis loops here presented are measured at a
frequency of 51 Hz and displayed in the form �-H instead
of M-H in order to compare the amplitude of the magnetic
flux as the diameter of the magnetic nucleus decreases.
Figure 2�a� shows the acquired waveforms for a
�Co0.94Fe0.06�72.5Si12.5B15 glass-coated microwire whose me-
tallic diameter is 30 �m, while the corresponding loop is

FIG. 1. Schematic diagram of the hysteresis loop measuring system.
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shown in Fig. 2�b�. In this case, the magnetic volume of the
sample is large enough to allow precise measurement. If the
magnetic diameter is reduced, the signal to noise ratio de-
creases because the magnetic flux is lower while the noise
remains unchanged. Figure 3�a� shows the measured wave-
forms on a Co67.06Fe3.84Ni1.44B11.53Si14.57Mo1.66 glass-coated
microwire with a 14 �m tick magnetic diameter and the
resulting loop is displayed in Fig. 3�b�. The flux is almost
one order of magnitude lower than in the previous case, and
therefore the induced voltage is lower as well. The noise
represents now a substantial part of the signal. However,
after averaging, a satisfactory hysteresis loop is still ob-
tained.

Finally, the sensitivity of the system is tested on a
Fe76Si9B10P5 glass-coated microwire with a metallic nucleus
1.5 �m thick, as it can be seen in the SEM image of Fig.
4�c�. In this case, the flux is extremely low and the noise
cannot be neglected anymore. Moreover, the voltage peaks
due to magnetization reversal are quite narrow ��0.1 ms�,
as observed in Fig. 4�a�. The signal is so small that the re-
sulting loop is very noisy as displayed in the “uncorrected”
loop of Fig. 4�d�. The averaging process does not help much
now because most of the noise after integration is due to the
fact that noise has not zero mean value on short time range.
In this case, a correction of the waveform based on the ob-
servation of the physical properties of the material was em-
ployed. Magnetization reversal is very steep and during the
rest of the measuring period, out of the short time of the
pulses, it is almost constant. In this region, the output voltage
is expected to be zero. As this is not the case, the digitized

voltage can be assumed to be only noise, so it is reasonable
to numerically force this voltage to be zero. The measuring
software offers the possibility to select two windows �corre-
sponding to the peak regions� where the signal remains un-
changed, whereas the signal out of these windows �that is the
noise� is forced to zero �Fig. 4�b��. In order to do that, the
second method for computing the magnetization is em-
ployed. The low-field hysteresis loops obtained with and
without the mentioned correction are shown in Fig. 4�d�.
This kind of adjustment is not an artificial modification of
the measured data since the physical meaning of the signal is
not changed. The sampling frequency of the setup �250 kHz�
is high enough to measure each peak with a high enough
number of points ��30� and results in a well defined transi-
tion from positive to negative magnetization. Moreover, it
should be noted that a precise measurement of the peaks is
vital to calculate its integral, which determines the amplitude
of the magnetization switch. From the computed flux and the
expected value of saturation magnetization, �0MS=1.51 T,9

the diameter of the wire was estimated to be approximately
1.7 �m in good agreement with the value of 1.5 �m deter-
mined by SEM images. This provides the evidence that the
correction technique respects the physical meaning of the
measurement.

IV. CONCLUSION

The proposed M-H loop tracer has been employed for a
precise characterization of a bistable glass-coated microwire
with a 1.5 �m thick metallic nucleus. This represents a nov-
elty with regards to the same kind of measurements employ-

FIG. 2. �a� Induced voltage Vind and H field vs time for a
�Co0.94Fe0.06�72.5Si12.5B15 glass-covered amorphous microwire with a 30 �m
thick metallic nucleus �total diameter is 40 �m�. �b� The corresponding
hysteresis loop measured at a frequency of 51 Hz, averaged 100 times.

FIG. 3. �a� Induced voltage Vind and H field vs time for a
Co67.06Fe3.84Ni1.44B11.53Si14.57Mo1.66 glass-covered amorphous microwire
with a 14 �m thick metallic nucleus �total diameter is 26 �m�. �b� The
corresponding hysteresis loop measured at a frequency of 51 Hz, averaged
100 times.
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ing comparable magnetometry techniques and is mainly due
the high resolution of the data acquisition card. Only 100
periods averaging are usually needed to obtain stable and
precise M-H loops. Faster measurement can be therefore
achieved compared to other systems based on analog integra-
tion or digitalization using an oscilloscope. By suitably
changing the geometry of the pick-up coils, this system can
be adapted to measure soft magnetic thin films as done in
Ref. 5. Finally, it should be mentioned that the possibility of
applying such simple and efficient correction technique de-
rives from the use of digital techniques in this kind of mea-
surement setup. The implementation of the same technique
in an analog system would require precise solid state
switches.
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