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HIGH-RESOLUTION FLUXGATE SENSING ELEMENTSUSING
C068,25Fe4,58i 12,25815 AMORPHOUS MATERIAL

C. loan, H. Chiriac, E. D. Diaconu, A. Moldovanu, E. Moldovanu, C. Macovei

National Institute of R&D for Technical Physics, 47 Mangeron Blvd., 6600 lasi, Romania

C0gg25F€4551 12 25B15 amorphous magnetic material for the development of high performance
fluxgate sensors is investigated. The results refer to the Vacquier-Foerster configuration
sensors and direct driving sensors having amorphous ribbons or wires as sensing elements.
The main factor that influences the magnetic behaviour of the sensors cores is the heat
trestment. The sensor performances depend on both the magnetic behaviour of the cores and
the circuitry. The obtained results are discussed in terms of the magnetization processes,
which take place in ribbon and wire-based cores. Vacquier — Foerster sensors having good
sengitivity (7£0.5) uV / nT, therma stability of the offset in the temperature range —75 to
+25°C (0.04 nT/°C) and reduced magnetic noise level (350 pT) are produced. The possibility
to use higher exciting frequencies in the case of direct driven fluxgate sensors leads to an
increase of the sengitivity upto 75 puV/nT. Miniature sensors with sensitivity of 20 pV/nT and
40 pV/nT, which can be used for electromagnetic pollution measurements, were
manufactured. The possibility to use the developed sensors based on Cogg 25F€45Si1225B15
amorphous dloys to measure aternating magnetic fields up to 200 pT is demonstrated.

(Received February 5, 2002; accepted May 15, 2002)

Keywords: Amorphous material, Fluxgate sensor, Sensing el ement

1. Introduction

The discovery of the soft magnetism in amorphous all oys assodiated with their glass-forming
ability, which makes possible their casting in the form of thin ribbons or wires, created a great
stimulus to further researches in order to develop magnetometric sensors based on amorphous
materials. The studies accomplished in the last years on the amorphous core sensors [1-4] showed that
the low magnetostrictive core materials can significantly contribute to fulfil the technological and
metrological requirements imposed to vector fidd sensors with very high performances, traditiondly
used for geophysical research, geological and archeol ogical prospecting, materials testing, navigation
applications and space researches. These requirements include a good thermostability both for the
magnetic noise and for the sensor offset in alarge temperature interval as well as a good sensitivity of
the sensor. These studies proved that the non-magnetostrictive amorphous ribbons are good
competitors for permalloys.

The main tendencies of the magnetic sensors applications refer to the miniaturization, the
increase of the sensitivity and the reduction of the sensor magnetic noise leve. Although the
miniaturization is an advantage of the fluxgate sensors, it has as secondary effect the diminution of the
sensor sensitivity. The effect of sensitivity reduction can be compensated by using a higher exciting
frequency and/or by choosing suitable solutions in order to reduce the noise level. These two
requirements are fulfil by the differentidly DC biased magnetic fidd sensors [5] and direct driven
fluxgate sensors [6].

In differentially DC biased fluxgate sensors, the increase of the sensitivity is achieved using
the magnetic susceptibility resonance in amorphous core. By suitable choice of the operational point
of the resonance curve and adequate DC biased | evel areduction of the noiseleve is obtained [5].
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Thedirect driven fluxgate sensor [6] can be characterized as an extremely simple construction
consisting of one cail surrounding a | oop-shaped piece of amorphous core. The ferromagnetic core
materid itsdf is the carrier of the excitation current. In this type of sensor, the effect of sensitivity
reduction caused by miniaturization can be compensated using a higher frequency of the excitation
current that flows through the sensor core.

On the other hand, the magnetic properti es of amorphous alloys can be tailored by means of
inducing additional anisotropies and low noise magnetic fidd sensors can be obtained. By suitable
tensile stress annealing of the amorphous wires and ribbons the usually called “hard core-axis
anisotropy” develops. The presence of the magnetic anisotropy with the ribbon or wire axis as a hard
axis of magnetization promotes magnetization rotations rather than domain wall movementsin the AC
magneti zati on process used in fluxgate sensors [3]. Therefore, the Barkhausen noise in core material,
which determi nes the limits for the sensitivity and accuracy of a sensor, would be reduced.

This paper presents a review of the results obtained in the development of both Vacquier-
Foerster type sensors and direct driven fluxgate sensors based on Co-based amorphous materias as
sensing dements. Two kinds of Vacquier-Foerster sensors are studied: classical and differential DC
biased magnetic fidd sensors. The measured functional parameters of the developed sensors prove
that the CoggsFe&45Si1225B1s amorphous ribbons and wires, suitable stress annealed, are able to
produce very good quality fluxgate sensing € ements.

2. Experimental

Coss 25F€455i12.25B15 amorphous sensing € ements as ribbons and wires were obtained in order

to develop three types of fluxgate sensors: classical Vacquier-Foerster sensors, Vacquier-Foerster
sensors with bias control and direct driven fluxgate sensors.
Amorphous ribbons 1.1 mm wide and 30 um thick were prepared by rapid quenching from the melt
on arotating copper whed. The wires with 125 um diameter were obtained by the in rotating water
spinning method. The amorphous state was tested by X-ray diffraction, differential thermal analysis
and thermo-magneti c measurements.

In order to find the most suitabl e stress annealing conditions the core material was exposed to
different stress annealing treatments. The heat treatments applied to the amorphous cores, were
divided in two steps: pre-anneding at temperatures between 300 and 360°C and duration between %2
and 1h, followed by stress-anneding at a particular temperature and time interval, but with different
values of the gpplied longitudinal stress. We can apply, retain or modify the longitudina tensile stress
between 200 and 620 MPa applied on the sample placed in a furnace which has the maximum
temperature variation in the 120 mm long central region less than 5°C during the heating. The system
[4] stabilises the temperature with accuracy better than 1°C. The annealing process is performed in a
purified Ar aimosphere.

For the testing of the magnetic behaviour of the CoggasFeysSiinsBis cores the typica
responses of the magnedtization curves on different stress annealing conditions were illustrated for
ribbons and wires. The hysteresis loops were obtained by means of a conventiona induction method
[7]. The samples (ribbons or wires) were driven into saturation with a sinusoidal current waveform;
the measurements were performed at 0.5, 1, 5, 10.3, 17 and 20.6 kHz. The measurements of the axia
AC hysteresis loops of the ribbons and wires, performed at room temperature, after each heet
treatment, allowed us to choose the samples having the most favourable behaviour for the use as
SEeNnsor Cores.

We devel oped Vacqui er-Foerster type sensors similar to the TFS-3 sensors [8], magnetic field
sensors with bias control [9], and direct driven fluxgate sensors [10]. Depending on the type of sensor,
the measurements of main functional parameters were performed in a pulse excitation fied with a
maximum value of 650 A-m* and frequenciesin the range 20.6 kHz — 1 MHz and. The sensitivity, the
offset and the temperature drift of the offset were deermined from transfer characteristics of the
sensors in the fiedd range of £ 200 nT at different temperature between -75°C and +40°C. The
magnetic noise level of the sensors was determined from 60s time plots of the magnetometer output
with the sensor exposed to a 2.4 nT square waveform magnetic fidd. The recorded signd represents
the noise of the sensor together with the noise of the magnetometer and x-t recorder.
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The possibility to use the sensors for the measurement of the low frequency magnetic fieds
was studied using Fourier spectral analysis. An external AC magnetic fidd with frequency up to 10
kHz was applied. The output signal from the sensor was measured directly with a digital oscilloscope
connected to a computer that performed the Fourier analysis. The possibility to measure higher
frequencies magnetic fields up to 200 uT was tested with a device [11] for € ectromagnetic pollution
measurements.

3. Results

The stress annedling conditions significantly affect the magnetic behaviour of the samples.
The effect depends both on the pre-annedling temperature and its time (Fig. 1) and the gpplied
longitudinal tensile stress vaue (Fig. 2). The axia hysteresis loop changes to nearly linear and the
coercive fidd decreases. The susceptibility of the stress annealed core sample is inversdy
proportiond to the stress applied during the annealing process. From the hysteresis |oops results that
the hard axis of anisotropy devel ops during the appropriate stress annealing. The greater isthetensile
stress the larger is the induced anisotropy (Fig. 2). The pre-anneding appears to be very important
because the induced anisotropy increases with the pre-annealing time (Fig. 1).
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Fig. 1. Axid hysteresis loops for stress annedled (o Fig. 2. Axid  hysteress  loops  for
= 400 MPa) C063_25Fe4_58i12_25815 wires with C068.25_Fe4.58|12.25815 wires eXDOSQd to a pre-
different annedling temperatures and times: (@) — ~ a@wmeding for 1h a 320°C followed by stress-
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pre-annealing and stress-anneding for Y2h at
300°C; (b) — pre-annealing and stress-annesaling for
1h a 320°C; (c) — pre-annedling and stress-
annealing for 1h at 340°C. The samples were

annealing for 1h at 320°C with different stress
values. (a) as-quenched wire; (b) o = 400 MPg, (c)
(0 = 500 MPa. The samples were driven into
saturation with a sinusoida waveform current with

driven into saturation with a sinusoidal waveform
current with frequency of 590 Hz.

frequency of 590 Hz.

The tensile stress annealing at temperatures between 300 and 400°C applied to the
ferromagnetic amorphous core, which in the as-quenched state is characterized by a very low
negative magnetostriction constant (As = - 0.08x10°), results in the change of the sign of the
magnetostri ctive constant to asmall positive vaue (As= + 0.1x10°).

The sensors performances depend on the circuitry conditions such as exciting frequency
and amplitude of the excitation current as well as the applied heat treatments.

The deve oped classica Vacquier-Foerster sensors have a sensitivity of (7£0.5) uV/nT, the
offset values deviate at most 2 nT from the mean value and the stability of the offset tested in the
temperature range -75 - +25°C corresponds to a therma drift of 0.04 nT/°C. The transfer
characteristics of the sensors are symmetrical and linear outside the field range -100 - +100 nT. The
temperature variation does not influence the sensitivity va ues of the sensors. The magnetic noise
level of the stress-annealed core sensors, measured in the magnetometer pass-band of 0-10 Hz,
remains unchanged between —75 and +25°C and does not exceed 350 pT (p-p). Thisvaueis lower
than that measured for the as-quenched core sensors, but not as low as we expected. Although these
sensors were designed for DC magnetometers, we tested [4, 12] their ability to be used for 0-5 kHz
dternating fields measurements at 20.6 kHz excitation frequency. The second harmonic si de bands
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of the fundamental excitation frequency were evaluated from the Fourier spectral anaysis of the
output signal. The measurements donein AC fidds up to 100 uT, in the frequency range 0-5 kHz,
evidenced linear transfer characteristics, confirming the capability to measure AC fidds in the
mentioned ranges.

By devdoping the differential DC biased magnetic field sensor [9] based on as-quenched
Cosg 25F€455112.25B15 amorphous ribbons, very good sensitivity (100 + 200 uV/nT) depending on the
excdting frequency, a peak-to-pesk magnetic noise leve lower than that of classical Vaquier-
Foerster sensor, were obtained. The work frequency is greater than 102 kHz and the bias magnetic
fied ranges from 50 to 65 A/m. The linearity range of the sensor response is £15 UT. The
magnetometer equipped with this sensor measures magnetic fields up to 200 uT in the frequency
range of 0-10 kHz.

In order to obtain high sensitive miniature sensors, we chosen the solution proposed by
Nielsen [6] to deveop direct driven fluxgate sensors of different dimensions. With suitable heat-
treated amorphous wires (pre-annealed 1h at 340°C and stress-anned ed thereafter 1h at 340°C with
longitudinal applied tensile-stress of 400 MPa), we obtained [10] an increase of the sensitivity to 50
uwV/nT and 75 uV/nT, when the excitation frequency was 46.1 kHz and 42.9 kHz, respectively. The
transfer characteristic of the sensor, obtained in the fidd range from -60 uT to +60 uT is linear
from —40 uT to +40 uT. The negative feedback increases the linearity domain of the transfer
characteristic. Measurements of the magnetic noise leve of the sensor show 1.3 nT,,, measured in
the magnetometer pass-band of 0-10 Hz.

The results obtained with regard to the miniaturization of direct driving fluxgate sensors
are in agreement with the metrological requirements of the devices used for eectromagnetic
pollution measurements. Using suitable heat treated (pre-anneadled 1h at 340°C and stress-anneal ed
1h at 340°C with longitudinal applied tensile-stress of 418 MPa) Cogss 2sF€45Si12,25B15 amorphous
ribbons 0,3 mm wide and 25 um thick, two sensors which compete favourably with traditional
fluxgate sensors with respect to simplicity, miniaturization, sensitivity and noise level are
deveoped: one sensor with the dimensions of 10 x 5 x 2 mm having the sensitivity of 20 uV/nT
and the other one with a ribbon 26 mm long, 0.3 mm wide and 25 um thick as sensing € ement,
having the sensitivity greater than 30 uV/nT. The best results are obtained for hairpin shape of
core Thetransfer characteristic of the sensor islinear in the fied range from —10 uT to +10 uT, but
the negative feedback increases the linearity domain (Fig. 3).
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Fig. 3. Transfer characteristic of adirect driven miniature sensor having optimal heat
treated C063125Fe4153- 12125815 ribbon as core.

The possibility to use the deve oped sensors based on CoggsF€45Si1225B 15 amorphous
ribbons to measure AC magnetic fieds up to 200 uT in the frequency range 0 — 20 kHz was
demonstrated [11].
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4. Discussion

The functional behaviour of the deveoped sensors can be discussed in terms of the
magnetization processes that take place in the stress annealed amorphous core. The core materias
for fluxgate appli cations should be magneticall y soft so that low excitation currents can produce the
saturation. If the easy magnetization axis is parallel with the applied field, domain wall movements
dominate the magnetization process. This is the case for the as-quenched core (Fig. 2a) where the
core axis is the easy magnetization axis. Domain wall movements dominate the magnetization
process and a large Barkhausen noise is expected and confirmed by the noise measurements [4,
13]. The presence of the magnetic anisotropy with the ribbon or wire axis as hard magneti zation
axis promotes magneti zation rotations rather than domain wall movementsin the AC magnetization
processes in fluxgate sensors [3]. This hard axis appeared during the stress annealing remains the
hard magnetization axis if the ribbon or wire is cooled to room temperature under applied tensile
stress. The more we stabilize by pre-annealing the amorphous structure in the sample, the larger is
the induced anisotropy. By the change of the magnetic anisotropy from the easy-core-axis to the
hard-core-axis [1, 14] the Barkhausen noise in core materia is reduced so that mainly the rotations
of the magnetization are responsible for magnetic behaviour of the amorphous core. The effect
depends on stress-annealing conditions and is also related to the magnetostri ction coefficient value
and sign. The hard ribbon axis anisotropy can be induced by tensil e stress annealing of the ribbons
with positive As. Taking into account that for Co-Fe-based amorphous alloys the magnetostriction
coefficient changes [15] from a small negative vaue — 0.08-10° to a small positive value As = +
0.1x10° with respect of the Co-Fe ratio, the hard axis appears during the stress-annedling but the
effect becomes visible at a certain longitudind tensile stress, because the induced hard ribbon axis
anisotropy K, is proportiona to the tensile stress o,,. The axial hysteresis |oops of stress-annealed
samples confirm this fact. Because the applied heat treatment does not reduce the hysteresis
virtually to zero, we concluded that both rotational and domain wall displacement processes
compete with each other in the studied amorphous cores depending on the annealing conditions.
Measurements of the magnetic noise of the deve oped sensors confirm this hypothesis.

The results obtained for the magnetic fid d sensors with bias control are rdated only to the
magnetic susceptibility resonance in amorphous core and the choice of the operationa point of the
magnetization curve (the used cores are amorphous ribbons in the as-quenched state). We
cond uded that the resonant behaviour with respect to the bias control can be used as a quickly and
precise method in the determination of the magnetic noise of the magnetic material.

In the case of direct driven fluxgate sensors, the results can be discussed in the term of the
contribution of both the stress annealing and the driving magnetic field Hy to the magnetization
processes. When a current flows through the wire, it will set up a circular magnetic fie d which will
force the formation of a single magnetic domain in one half of the hairpin shaped wire and another
magnetic domain in the other haf of the wire If the current density j is assumed to be constant
across the wire, the maximum vaue of the circular magnetic fidd induced by the AC dectric
current passing through the wire (driving magnetic field) is given by Hy = j R/2, where R is the
wire radius. This fiedd will determine a more rectangular form of the circular hysteresis loop [14],
in good agreement with the change of magnetic anisotropy from the easy-wire-axis type to the
hard-wire-axis type. Therefore, the Barkhausen noisein core material would be reduced.

The good sensor sensitivity obtained at high frequencies of the driving current can be
explained by the fact that the domain wall movements are effectively damped at high frequencies
so that mainly rotations of magnetization are responsible for magnetic behaviour of the amorphous
core. More similar studies in amorphous wires and detailed theoretical cdculations will be
performed to darify this point.
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5. Conclusions

Coss 2sF&455i1225B15 amorphous alloys in the shape of ribbons and wires as sensing
dements were used to deve op three types of fluxgate sensors: classica Vacquier-Foerster sensors,
Vacqui er-Foerster sensors with bias control and direct driven fluxgate sensors.

Tensile stress annealing experiments with Cogg 25F€4.5Si1225B15 ribbons and wires show that
it is possible to induce hard axis anisotropy in these cores. Rotational and domain walls
displacements processes compete with each other and take place depending on the annealing
conditions.

For fluxgate applications, the presence of hard core-axis anisotropy induced in amorphous
cores by tensile stress anneding and/or by the driving magnetic field, determines a magnetization
process domi nated by coherent magnetization rotation and alow Barkhausen noiseis obtained.

The results are discussed in the term of the contribution of both the stress annealing and the driving
magnetic fied at the magnetization processes that take place in the used amorphous cores.

The measured functional parameters of the developed sensors prove that the stress
anneal ed Cosg 25F€45Si12.25B15 amorphous ribbons and wires are able to produce very good quality
fluxgate sensing d ements. The good mechanical properties, the magnetic behaviour after stress
annealing, the low cost of the CoggosFe&45Si1225B1s amorphous adloy recommend it for the
manufacture of different fluxgate sensors used in magnetometers for both continuous and
aternating magnetic field measurements, especialy for € ectromagnetic pollution measurements.
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