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Influence of Joule-Annealing on Double-Peak GMI Effect
in Co-Based Amorphous Ribbons
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The results of optimizing the parameters of Co-based ribbons with different chemical composition are presented.
The motivation for these studies is the construction of weak magnetic field sensors. The annealed ribbons show
large impedance changes for saturating external magnetic field, and very large impedance change in the region
of weak field. The highest GMI ratio of 506% was obtained for Joule-annealed Co70Fe5Ni2Mo5B3Si15 sample.
The paper also highlight the greatest dynamic of impedance changes around the local minimum for zero value of
external field was observed for Co66Fe4Ni1Si15B14.
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1. Introduction

The re-discovery of the Giant Magneto-Impedance
(GMI) effect in 1994 [1, 2] created great hopes for mag-
netic field sensor design. GMI effect, observed the first
in 1935 [3], is defined as a significant (gigantic) change
in the impedance of the high frequency AC current con-
ductor under the influence of a constant magnetic field.
Theoretical predictions regarding impedance changes of
1000% [4] allow for the design of a high resolution sensor.

Since first GMI reports in soft magnetic microwires,
intensive work on materials that have been shown ever
greater impedance change, is still ongoing. However,
there is only one commercial magnetic field sensor based
on the GMI effect (Aichi Steel MGM-1DS). Nevertheless,
numerous prototypes of sensors [5–15], and comparison
of magnetic field sensors [16] show that this effect has
huge application potential. The GMI sensor is charac-
terized by a much higher resolution than GMR and Hall
sensors, and comparable to Fluxgate sensors. It is possi-
ble to build a sensor for weak fields without the limita-
tions of fluxgate sensors, such as limited miniaturization
possibility and high energy consumption [16].

Over the years, GMI sensors have been developed with
different operating principles. Some relied on the mi-
croprocessor processing of the characteristic curve [5–7],
and the majority on the linear part of the impedance
characteristic curve. The linear area occurs for the dou-
ble peak GMI curve, between the zero H0 field and
the anisotropy field Hk. Directly measurement of weak
fields using a linear part of the characteristic requires pre-
magnetization [8]. It is possible to create a material with
a linear characteristic above the Hk anisotropy field, but
this also requires additional biasing field [9]. There are
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solutions that avoid the problem of shifting character-
istics by using 2 GMI elements working in a differential
system [9, 10]. Another option to overcome the problem
of pre-magnetization is to use the pick-up coil surround-
ing the GMI element connected to the phase-sensitive
amplifier [11–13]. The characteristics of the induced volt-
age in the coil have the shape of the double peak GMI
curve, but the characteristic for the negative half is
symmetrical with respect to the point (0, 0), not to
the axis OY. This allows to obtain a linear characteristic
in the range (−Hk, Hk).

The basic requirement for GMI materials is a high GMI
factor and high sensitivity to applied constant magnetic
field. Both of these parameters require high magnetic
sensitivity. The most important impedance change is ex-
hibited by materials with uniaxial magnetic anisotropy,
perpendicular to the direction of DC field [17]. Such
anisotropy, and improvement of the GMI ratio can be
obtained by annealing in the magnetic field, or annealing
under stress [17–19]. Due to Joule-annealing [20], the an-
nealing occurs in the presence of transverse magnetic field
induced by the current flow in the sample.

Optimization of materials properties is usually car-
ried out in order to the highest GMI coefficient and lin-
ear characteristics at the largest possible area of mag-
netic fields. The authors of this article have focused on
the optimization of material properties as well to obtain
the sharpest GMI minimum for a zero external field.

2. Experimental details

The investigation were conducted using
cobalt-based amorphous ribbons with composition of
Co70Fe5Ni2Mo5B3Si15 and Co66Fe4Ni1Si15B14 with near
zero magnetostriction, and Co84Fe1.5Mo2Mn1.5Si7B2

characterized by significant negative magnetostriction
(λs ∼ −12 ppm). Ribbons were cut into samples with
width w = 1 mm and lengths l = 60 mm. The additional
stresses induced in the samples due to the machining
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were relieved during the annealing procedures. The in-
fluence of a chosen method of improving GMI properties,
namely Joule annealing, has been investigated. The pro-
cess of Joule-annealing with currents ranging from 500
to 1100 mA with a step of 100 mA was carried out.
For the alloy Co66Fe4Ni1Si15B14, due to the best results
obtained in the first annealing series, the annealing
current was optimized by compacting the step to 25 mA
in the range from 550 to 650 mA. Real-time monitoring
of ribbon resistance allowed to determine the moment of
ribbon crystallization.

Research was carried out in the presence of 0 to 8 kA/m
external field, for low and medium impedance test fre-
quencies (< 10 MHz). To perform measurements spe-
cial digitally controlled measurement system was devel-
oped, using Helmholtz coil as a source of homogenous
DC magnetic field. Three pairs of perpendicularly set
coils, supplied by 3 separated DC Power Supplies, with
the application of a magnetoresistive sensor HMR 2300
as feedback, were used to compensate Earth’s magnetic
field. To apply an external magnetic field, with a flux’s
density of up to 8000 A/m, a bigger pair of coils sup-
plied by a Rigol 831A Programmable Power Supply
were used. In order to determine the exact field value,
the value of the current flowing through the coils was
measured, and then the field value was calculated from
the Helmholtz coil constant. High frequency LCR bridge
Microtest 6630E was utilized for measurement of the rib-
bon impedance with help of Kelvin probes. Special pro-
gram for measurement system control and data acquisi-
tion was developed in National Instruments LabVIEW
environment.

3. Results and discussion

The Z(H) curves were measured for each of the pro-
duced samples. Figures 1–3 show the change of impen-
dence as a function of the magnetizing field for selected
samples. The coefficient of the impedance changes,
otherwise known as the GMI coefficient, is defined as:

∆Z

Z
=
Z (H) − Z (Hmax)

Z (Hmax)
× 100%. (1)

Co70Fe5Ni2Mo5B3Si15 and Co84Fe1.5Mo2Mn1.5Si7B2

alloys (Fig. 1 and 3) exhibited a single-peak character
in the as-cast state. For all investigated ribbons, an-
nealing process led to an increase in the GMI coeffi-
cient if the crystallization threshold was not exceeded.
For Co70Fe5Ni2Mo5B3Si15 samples annealing in the first
stage resulted in a clear two-peak characteristic
with Hk ≈ 300 A/m. Further increasing of annealing
current led to an increase in the GMI coefficient, and
a decrease in the anisotropy field up to annealing current
value of 800 mA, followed by a decrease in the GMI coef-
ficient. The best results obtained were 506% impedance
change. The biggest difference between the maximum
value of GMI impedance and a local minimum at zero
magnetization was 482%, and the smallest observed
anisotropy field Hk was 101 A/m.

Fig. 1. GMI ratio in variation with H for as-cast and
Joule-annealed Co70Fe5Ni2Mo5B3Si15 samples.

Fig. 2. GMI ratio in variation with H for as-cast and
Joule-annealed Co66Fe4Ni1Si15B14 samples.

Fig. 3. GMI ratio in variation with H for as-cast and
Joule-annealed Co84Fe1.5Mo2Mn1.5Si7B2 samples.

Samples made of Co84Fe1.5Mo2Mn1.5Si7B2 ribbon
showed much smaller changes than the other materials
examined. The highest GMI coefficient for this alloy
was 299%. However, these samples also showed the small-
est anisotropy field of about 75 A/m, and did not change
significantly with annealing. The increase of the anneal-
ing current caused an increase in the maximum GMI, but
also an increase in the local minimum value for the zero
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Fig. 4. GMI ratio in variation with H for different fre-
quencies for chosen Co66Fe4Ni1Si15B14 sample.

field. Hence, the largest difference between the minimum
for zero magnetization and the maximum of 202% was
observed for the annealing current of 575 mA. For this
alloy there has been the greatest dynamics of impendance
changes around the local minimum in “0”.

It is widely believed that the highest GMI is achieved
for samples with zero magnetostriction, therefore samples
with high negative magnetostriction have been poorly
studied. Our research has showed that the coefficient
for such samples can be large, the maximum GMI value
achieved for Co84Fe1.5Mo2Mn1.5Si7B2 sample was 455%.
The largest change between the maximum and the local
minimum at “0” was 435%, while the value of
the anisotropy field changed strongly, initially stabi-
lizing at 175 A/m, decreasing to 95 A/m, and then
growing again.

As part of the study we also investigated the influence
of test frequency on the shape of the Z(H) curve. The in-
crease of frequency caused that the maximum GMI coef-
ficient increased, while the local minimum value in “0” re-
mained constant or changed insignificantly. An example
of the dependence of the GMI characteristic on frequency
is presented in Fig. 4. The frequency change did not have
a significant impact on the value of the anisotropy field
in the tested range.

4. Conclusions

The giant magneto-impedance (GMI) behavior of
Joule-annealed cobalt-rich ribbons has been investigated.
It was shown that annealed ribbons show significant
impedance changes at full range of applied external mag-
netic field, and even very large impedance change in
the region of weak field. The presented characteristics of
Joule-annealed ribbons give opportunity to build sensor
for large magnetic field based on decreasing GMI curve.
In turn, in the narrow linear region between peak and
local minimum, one allows to builtd a weak field sensor.
Local GMI minimum at zero external field could also
be used as null detector in compensation measurement
techniques.
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