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Cogs s Fe, 5Si1,,5B15 amorphous microwires with a diameter of 34 yum were prepared via the melt extraction method. The
dependency of AC driving current I and frequency on giant magnetoimpedance (GMI) effect and magnetization were investigated
using a 4294A impedance analyzer and the transverse Kerr effect. The GMI effect was analyzed when I,. changed from 6 mA to
20 mA at a frequency ranging from 0.1 MHz to 15 MHz. The influence of AC current dependent on the frequency is correlated with
the magnetization mechanism. The maximum transverse Kerr intensity (MTKI) decreased with the increase in I,. under direct
magnetic field when the frequency was below megahertz. However, MTKI values were similar with the increase of I, when it was
over 2 MHz. Meanwhile, the GMI effect was optimized by selecting an adequate value of AC driving current I, at which the circular
permeability was higher when the frequency was not over 2 MHz. Results showed that the influence of I,. on magnetoimpedance
became weak with strong skin effect and slightly stronger GMI effect driven by a higher I,. when the frequency was between
2MHz and 15 MHz. The skin effect turned out to be the key factor to the GMI effect; thus, there were no obvious differences in

magnetization and GMI effect with AC driving current changing when the frequency was as high as 15 MHz.

1. Introduction

Giant magnetoimpedance (GMI) effect refers to the strong
and sensitive change of impedance of a magnetic conductor
with a small variation in DC magnetic field [1, 2]. This
research has been fuelled due to its potential applications in
magnetic field sensing technology, particularly for magnetic
sensors [3-5]. The origin of GMI effect in microwires has
been interpreted in terms of skin effect and variation in
circumferential permeability caused by axially applied DC
magnetic field. The frequency, f, of the AC current must be
high enough considering the skin depth, which is typically
above 100 kHz. The impedance, Z, for a magnetic wire is given
by [1, 6]
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where Ry is the direct resistance of microwire and J, and J,
are the Bessel functions. k is defined as k = (1 + j)/&, j is the
imaginary unit, and ¢ is the penetration depth which is given
by the following function:
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where o is the electrical conductivity and pg, is the circular
permeability. In GMI response, change of penetration depth
is induced by the applied magnetic field through the mod-
ification of yg, thereby resulting in a change of impedance.
Meanwhile, AC current results in a circumferential magnetic
field, which influences yg through modifying the magne-
tization process. In other words, GMI effect depends on
the amplitude of the AC driving current and frequency
[7]. In addition, the conspiration effect of frequency and
AC current on the magnetization process was analyzed to
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FIGURE 1: The XRD patterns of Co-rich microwires.

study the influence of AC current on the GMI effect. The
majority of GMI studies to date are focused on Co-rich
microwires fabricated via the Taylor wire technique [8-
10]. Furthermore, melt extraction method has recently been
revisited with a new technique, which yields high-quality
microwires with superior soft magnetic properties compared
with other approaches, such as in-rotating water spinning,
Taylor wire, and glass-coated melt spinning. The excellent soft
magnetic property and uniform diameter are the advantages
of melt-extracted wires, making them more suitable for sen-
sor applications without glass cover. In addition, their GMI
effect is also excellent [11]. The stability of GMI effect under
different AC currents I,. was better and the fluctuations
almost disappeared when I, . was over 5maA [12].

In this study, the dependency of AC driving current on
magnetization and GMI effect is investigated in a frequency
range of 0.1 MHz to 15MHz. A rich variety of multipeak
features in GMI response depended on the driving current
within a small DC magnetic field range, which have been
observed and discussed.

2. Experimental Details

CoggFe, 5Si,5B,, s amorphous wires were prepared using the
melt extraction method. The X-ray diffraction was done with
microwires paralleled on glass holders. And it is found that
microwires with a diameter below 50 ym are amorphous, as
shown in Figure 1.

And microwires with a diameter of 34 yum were selected
for investigation and connected in holders. The GMI effect
was measured at room temperature using an Agilent 4294A
impedance analyzer at an AC current frequency ranging from
0.1MHz to 15MHz, with its amplitude varying between 6
and 20 mA. The magnetoimpedance ratio, AZ/Z, can be
expressed as

82 [ZHD-ZH)] Lo
z = 2 |
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where Z(H,,) and Z(H,) are impedances at external field of
H,, and zero, H,. And the maximum magnetic field H,, was
320 A/m and supplied by a solenoid which was placed and
fixed in a special iron box to shield the earth magnetic field.
And there is a platform with 60 mm x 60 mm in size in the
center of the solenoid at which the magnetic field is stable. The
holders with microwires were then blocked in this platform
by four folders.

The Kerr effect measurements and setup [11] were made
in Basque Country University. The polarized light of a He-Ne
laser was reflected from the wire to the detector. The intensity
of the reflected light was proportional to the magnetization
when the transverse Kerr effect was used, which was per-
pendicular to the plane on flight. An electric current flowing
along the wire produced a circular magnetic field. An axial
magnetic field was produced by a pair of Helmholtz coils.

3. Results and Discussion

Figure 2 shows the frequency dependency of magne-
toimpedance Z at different magnetic field, with I, varying
from 6 mA to 20 mA. The value of impedance increases with
the increase of DC magnetic field H,, and reaches its peak
value, Z,,, when the external field is equal to the effective
anisotropy field, H,,. An increase of impedance at zero
magnetic field, Z(H,)), accompanied by a decrease of H,, is
observed when the driving current I_ is increased from 6 mA
to 20 mA. For example, at 0.2 MHz, Z(H,)) increases from
40.9 Q10 55.6 ), and H,, decreases from 51.2 A/m to 40 A/m.
However, the maximum Z,, first increases from 55.7 Q) to
64 Q) at 9 mA and then decreases to 56.6 Q2 when I, increases
to 20 mA. The largest impedance ratio AZ/Z is up to 50.0%
at this frequency, with an AC current I, of 9 mA. Meanwhile,
Z(H,) increases from 41.1Q to 64.3Q at 0.4 MHz, and
the largest Z,, of 75.6 Q) is observed when I,. was 12mA.
When the frequency is over 0.6 MHz, Z,, increases with
the increase of AC current I,.. At the same frequency, the
impedance Z(H,) is proportional to the square root of the
circular permeability given by (1) and (2). Therefore, the
variation in impedance value reflects the evolution of circular
permeability with different AC currents.

Another different feature is also observed. GMI effect is
better under driving current of 9 mA, when the frequency
ranges from 0.2 MHz to 0.8 MHz, but GMI effect is better at
12 mA when the frequency is from 0.8 MHz to 2 MHz. These
results indicate the existence of optimal AC driving current
I, at which GMI response is best at a certain frequency.

When frequency increases to several megahertz, the
difference of impedance Z(H,), Z,,, and H,, with the
AC amplitude gets comparatively stable with increase of
frequency. When the frequency is as high as 15 MHz, the
influence of driving current on impedance curves gets trivial.
The impedance Z(H,) increases from 146.8 () to 149.6 2, and
AZ]Z increases from 213.9% to 214.9%, where the difference
of H,, is negligible.

Furthermore, the GMI profile of these wires shows that
there are two impedance peaks at 0.8 and 1 MHz and three
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FIGURE 2: Field dependency of impedance at different frequencies and driving current: (a) 6 mA, (b) 9 mA, (c) 12mA, and (d) 20 mA.

peaks over 2 MHz, driven by 6 mA. At the same frequency,
with driving current increasing, the second and third peaks
move too close until gathering together and becoming one
peak, which shows a clear driving current dependency. The
multipeak feature is observed typical and much clearer when
driving current is 2mA in these Co-rich melt extraction
microwires, as shown in Figure 3. As the AC frequency
increases, the second and third peaks successfully appear at
the back of the first peak, which also expresses a frequency
dependency of multipeak feature when the driving current
is 2mA. The evolution of multipeak features is associated
with the circular magnetization process [2], and its amplitude
sensitively evolves with the axial DC magnetic field, driving
current amplitude, and frequency.
The variation in hysteresis loops with AC current reflects
the change of magnetization reversal mechanism analyzed in
detail in [13], and its effect on the circular permeability was

also included [8]. The Kerr intensity is the intensity of the
circular permeability in the shell from the loops [14]. Figure 4
presents the transverse Kerr intensity evolution of this Co-
rich amorphous wire at 50 Hz under different AC driv-
ing current amplitudes. Maximum transverse Kerr intensity
decreased from 0.144 to 0.02 at 50 Hz, as shown in Figure 4(a)
when the driving current increased from 0.5mA to 6 mA,
indicating that the reduction of circular magnetization in
DC magnetic field as AC current is increasing, which also
proves the variation in circular permeability. Furthermore,
coercivity H, decreased from 50.5 A/m to 45.4 A/m when
the AC current increased from 0.5mA to 6 mA, which also
proves the decrease of circular magnetization in external DC

field. Moreover, a sharp loop appeared when the driving

current increased to 1mA at 50Hz, indicating a much
more sensitive circular permeability change with magnetic
field. When the frequency was over 2 MHz, transverse Kerr
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intensity and coercivity had no clear change when the AC
current increased from 0.5 mA to 20 mA. In addition, there is
no sensible difference observed between the hysteresis loops
of different driving currents, as shown in Figure 4(b).

The AC driving current leads to a circumferential mag-
netic field Hy, [8]:

Il

Ho (27r2)’ @)
where [ and r are the length and diameter of the measured
microwire, respectively. The magnetic field amplitude Hy, is
associated with the rotational circular magnetization pro-
cess [8]. In addition, the domain wall displacement mainly
depends on DC magnetization. Furthermore, its displace-
ment is the main magnetization process at relatively lower
frequencies and the skin depth is large enough to penetrate
the whole wire. The induced circular field by driving current
then distributes in the total wire. The induced circumferential
field gets stronger with the increase of driving current and
with enhanced circular rotational magnetization. Circular
magnetization under external magnetic field with circular
permeability relatively decreases. As a consequence, GMI
response decreases with the driving current at 0.1 MHz, as
shown in Figure 5(a).

The skin effect gets stronger with the current frequency
and displacement magnetization process and gradually gets
strong in the magnetization process. The circumferential
components of magnetic permeability depend on the induced
circular magnetic field Hg, and axial magnetic field. Larger
Hg, enhances a part of circular magnetization which is driven
by this induced field and reduces the other part of circular
magnetization which is driven by external magnetic field
H,, [14]. The total impedance is originated from the axial
external magnetic field and is also decided by circumferential
magnetic permeability pg,. However, components of the
magnetic permeability tensor are dependent on axial external
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and induced circular magnetic field [8]. When the circular
magnetic field reaches at around the circular coercive field
value, pq reaches the maximum values [8]. The existence
of current I, which increases with frequency is correlated
with circular coercive field, indicating that GMI ratio can be
optimized by choosing an adequate value of driving current
I, below 2 MHz.

Furthermore, the magnetization process also changes
from the displacement of the domain walls to the rotation
of magnetic moment [1, 15], with gradually increasing fre-
quency. At a certain frequency, a balance between displace-
ment magnetization and rotational process exists, during
which a fluctuation of circular permeability appears. And
from domain wall observation, there are different kinds of
domains at lower external magnetic field firstly, but when the
external field gets strong enough, domain structure transfor-
mation and annihilation will occur [16]. As a consequence,
multipeak GMI feature expresses the driving current and
frequency dependency.

In a range of a relatively high frequency over 1MHz,
GMI can roughly be described by the well-known standard
skin effect [17]. The latter manifests that the applied current
effectively flows in an outer part of the cross section of
the microwire. The penetration depth, §, which measures
this effect, is described by a commonly known expression
derived under the assumption that the dimension of the
wire in the magnetic field penetration direction is much
larger than the penetration depth, expressed as &/r, where
r is the wire radius. Chizhik et al. developed a sample
model to estimate the penetration depth as a function of
experimentally obtainable ratio Rp/Rac [14], where Ry is
the DC resistance of the wire and R, is the real component
of impedance measured at a given frequency as a function of
axially applied external magnetic field. The penetration depth
is given as the following function [17]:

R
S=r|1-4/1-22C], 5

In our data, R, is selected when the external field is
zero. Equation (5) expresses the ratio §/r of the penetration
depth and the wire radius with various driving currents and
frequencies. The ratio §/r decreases with the increase of
driving current I,. and frequencies, which reflects that the
skin effect is stronger as shown in Figure 6. Based on the
equation of skin depth, skin effect is also enhanced with
increasing frequency and circular magnetic permeability.
Therefore, GMI effect is enhanced, as shown in Figure 5(b).

In this frequency range, the concentration of induced
circumferential field gradually migrates from the total wire to
the outer shell, which is beneficial for circular rotational mag-
netization, stronger circular permeability, and much more
sensitive GMI effect, as observed in Figure 3. The basic mech-
anisms of magnetization reversal process which is dependent
on the magnetic field would be different with frequency
[13, 18]. As a consequence, the domain wall motion and
domain structure transformation in the functioning of sensor
elements using magnetic microwires are both dependent on
the driving current. Consequently, though the increase in
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FIGURE 4: Transverse Kerr effect at (a) 50 Hz and (b) 10 MHz of Co-based amorphous wires with different driving currents.
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FIGURE 5: Driving current dependency on maximum impedance ratio AZ/Z (a) below 1 MHz and (b) over 1 MHz.

driving current induces a stronger circumferential field, their
distribution slightly has little effect compared with the strong
skin effect when the frequency is up to several megahertz.

This evolution proves that the dependency of driving
AC current on the GMI effect correlated with magnetiza-
tion is a frequency function. When the frequency is lower
than 2 MHz, circumferential magnetization in the DC field
depends on the circular magnetic field induced by the
driving current. However, the influence of AC current on
magnetization weakens when the frequency is over 2 MHz for
strong skin effect, which is the key role in magnetization and
GMI effect at higher frequencies.

4. Conclusions

The AC driving current influences the circular magnetization
and the skin effect; thus, the difference in GMI response
is observed. At lower frequencies (<0.2 MHz), the increase
in AC driving current reduced the rotational circular mag-
netization process under DC magnetic field, and the GMI
response relatively decreased. Likewise, the balance between
displacement magnetization and rotational process gives rises
to multipeak GMI features with the increase of frequency.
When it increases to megahertz, skin effect gets stronger and
becomes the main factor in deciding the GMI response.
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