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Abstract
Background: Giant Magneto Impedance (GMI) is effectively enhanced by the mutual magnetic interaction between two 
wires arranged in parallel setup. The direction of current flowing through two wires (series or parallel current mode) has 
a key role in this change. Methods: The aim of this research is to study the GMI properties of series and parallel current 
flowing through two amorphous Co-based wires in parallel setup and compare it to a single wire. Therefore, the wires with 
stoichiometric formula Co68.15Fe4.35Si12.5B15 were prepared by in-rotating water spinning method with diameter about 125 
μm. Findings: The best GMI response measured in series current mode and 8 mm distance between two wires. The GMI 
ratio increases from 300% of single wire to 480% of two wires in series current mode. However when the current flowing 
through two wires is in parallel mode, the GMI ratio decreases to 180% which is due to reduction of effective magnetic 
field. For two-wire system in series current mode, the magnetic interaction is stronger than parallel current configuration. 
Application: These results demonstrate that the GMI response could be effectively improved in two-wire series current 
system, which is useful for the application of low dimension and high sensitive GMI sensors. 
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1. Introduction

A large change in the complex impedance of a soft 
ferromagnetic conductor material when an ac current 
(I=Iosinωt) with high frequency flows through it in the 
presence of an external dc magnetic field is Giant Magneto 
Impedance effect (GMI)1–5. The GMI effect is directly 
related to changes in the skin depth (δm) that depends 
on the circumferential permeability (μφ), electrical 
conductivity (σ), frequency (f) and that is expressed by:
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Since application of a dc magnetic field increases the 
skin depth and thereby decreases the impedance. A GMI 
effect should exist in materials having 1. Low resistivity, 
2. High effective permeability, and 3. Low relaxation
parameter. The GMI effect has been of increasing interest

in sensor technology because of its high sensitivity, quick 
response, low cost, easy handling, minimal environmental 
impact, and stability in operation. It has been detected in a 
wide range of soft ferromagnetic materials, such as wires, 
ribbons, and thin films1. One way to miniaturize sensors 
was techniques of series and parallel sensor elements. The 
magnetic properties of the two-wire system is significantly 
changed than in each single wire6,7. So the GMI effect was 
influenced in a two wires and maybe increase or decrease. 
According to7, the GMI response of amorphous Co-based 
microwires could be effectively modified in the two-wire 
system with parallel configuration and parallel current 
flow. Beside8 reported that the GMI effect decreases in 
multiple micro wires, while in other research the authors 
found the GMI response is enhanced and increases with 
the number of micro wires9,10. In11 authors also reported 
that the stability of the GMI response is enhanced in the 
multiple micro wire arrays.
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In all the above-mentioned reports, the effect of the 
series or parallel current flowing through the two wires 
on GMI of Co-based amorphous wires was not studied. 
However, the direction of current in two parallel wires 
is important, the aim was to compare and obtain the 
influence of series and parallel current flowing through 
two amorphous Co-based wires (Co68.15 Fe4.35 Si12.5 B15) 
which are parallel to each other on giant magneto 
impedance effect. 

2.  Experimental

The magnetic properties of as-quenched Co68.15Fe4.35Si12.5B15 
(diameter ≈ 125 μm) amorphous wire prepared by in-
rotating water spinning technique is studied. Two series 
and parallel current configurations were used in this 
work as shown in Figure 1. A1 configuration: Two parallel 
wires were placed on sample holder and current were 
chosen in a way the series current flows through the two 
wires (see Figure 1(a)). A2 configuration: Two parallel 
wires were placed on sample holder and current were 
chosen in a way the parallel current flows through the 
two wires (see Figure 1(b)). The single wire of 30 mm in 
length was first placed into a measuring sample holder. 
When the measurement of GMI effect for single wire was 
completed, then the other wire was also connected with 
the former one at different distances d in the same sample 
holder with a parallel connecting mode. The impedance 
measurement was investigated at room temperature of 
about 25 oC.

Figure 1.    Schematic view of two current 
configurations. (a) Series current (A1 configuration). (b) 
Parallel current (A2 configuration).

The GMI system measures the voltage drop across 
the sample as a function of the external magnetic field. 
It includes a digital function generator which provides 
the ac current of Ipp= 14 mA (It is worth noting that 
the measurements were carried out in several different 

currents which the best results were obtained in 14 mA), 
and an oscilloscope that determines the variation in the 
voltage. In GMI measurements, all electrical contacts are 
prepared with Ag painting and the magnetic field is applied 
perpendicular to the earth magnetic field. The required 
dc magnetic field, H, for investigating the magnetic field 
dependent GMI, is provided by a long solenoid which 
is perpendicular to the earth’s magnetic field. Figure 2 
shows a schematic view of the GMI measurement setup.

Figure 2.    Schematic view of the apparatus for GMI 
measurement.

The GMI ratio for the total impedance is defined as 
follows12:
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where Z(H) represents the electrical impedance and 
Hmax stands for the maximum applied magnetic field. 
This maximum value is considered to be 200 Oe. The dc 
magnetic field sensitivity of GMI is defined as10: 
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3.  Results and Discussion

To determine the best frequency for GMI measurements 
in single wire and two wires (A1 and A2 configuration), 
the GMI as a parameter of frequency (2, 4.5 and 6 MHz) 
was measured. As can be seen in Figure 3, the GMI for 
4.5 MHz in all setups has a maximum value as compared 
with the other frequency. Also to determine the optimum 
distances between two wires in A1 and A2 configurations 
for GMI measurements, the GMI as a parameter of 
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distance (5, 8 and 12 mm) was measured. As can be seen 
in Figure 4, the GMI for 8 mm distance is maximum. 
Therefore, further measurements were performed using 
this current frequency and distance (4.5 MHz and 8 mm).

Figure 3.    (Color online) GMI profiles of single wire 
and two wires at different frequencies.

Both the change in magneto impedance and the 
variation in μφ must be considered with each other. It has 
already been accepted that for a material with longitudinal 
anisotropy, the magnetization rotation is often dominant 
over domain wall motion. Consequently the μφ and the 
ΔZ/Z indicate a monotonic decrease as we increase the 
magnetic field with a peak at Hdc= 0. Because of the 
domination of the magnetization rotation to contribute 
the μφ at high frequencies, where domain wall motion is 
greatly suppressed, the peak is broader and taller. Higher 
frequencies also correspond to a stronger skin effect so it 
increases the overall impedance. It is clear that applying 
Hdc lead to a sharp decrease in μφ. Such an interpretation 
has also been mentioned for the amorphous micro wire 
with nominal composition of Co68 B15 Si10 Mn7

6.

Figure 4.    (Color online) GMI profiles of two wires. 
(a) Series. (b) Parallel current. at different distances 
measured at f = 4.5 MHz.
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Figure 5.    (Color online) GMI profiles of single wire 
and two wires (series and parallel current with 8 mm 
distance) measured at f= 4.5 MHz.

To compare the impedance response for single wire 
and two wires in A1 and A2 configurations, of the optimized 
frequency (4.5 MHz) and the distance of 8 mm is given in 
Figure 5. According to the obtained results, crossing of 
current from two parallel wires when series current flows 
through them leads to an increase in magneto impedance 
from 340% for single wire to 480% in this case, whereas 
for crossing of current from two parallel wires when 
parallel current flows through them leads to a decrease in 
magneto impedance from 300% for single wire to 180% in 
this case. We can explain these observations in terms of the 
stray field and magnetic interactions between the current 
carrying wires. When the magnetic microwires carrying 
the current in the opposite direction are placed in close 
proximity, the effective circular field which is generated 
due to the wires is strong enough and it can increase 
the circular magnetization of the system. Interactions 
of stray fields which are generated by each micro with 

the applied magnetic field can affect the magnetization 
of neighboring micro wires. As the applied field affects 
the low field magnetization of Co-rich micro wires, the 
stray field which is generated by each Co-rich microwire 
is magnetic field dependent. The interplay of these factors 
leads to large circumferential permeability, consequently 
it increases the GMI ratio. If we increase the distance 
between them, however, the mutual interaction becomes 
weaker thereby decreasing the circular magnetization. 
As a result, the circumferential permeability falls off that 
diminishes the GMI ratio. With increasing the distance 
between them, however, the mutual interaction becomes 
weaker thereby decreasing the circular magnetization. 
As a result, the circumferential permeability falls off 
that diminishes the GMI ratio6,7. When distance is up 
to 12 mm, magnetic interaction is weak, and the largest 
ΔZ/Z decreases. Then, GMI response could be effectively 
enhanced via suitable magnetic interaction through 
controlling the distance of wires.

For A2 configuration when the magnetic micro wires 
are placed in close proximity and carry the current in the 
same direction, the effective circular field generated due 
to the wires is not strong enough to increase the circular 
magnetization of the system. Such an interpretation has 
also been mentioned for the amorphous micro wires with 
nominal composition of Co68 Fe4.5 Si15 B12.5 with diameter 
of around 32 μm7 and Co68 B15 Si10 Mn7

6. In order to make 
a direct comparison, seven sets of data are exposed in 
Table 1. 

Using Equation (3), sensitivity was calculated for 
different frequencies and distances (Table 1). As can be 
seen, for all three frequencies and distances, sensitivity 
has increased and decreased, respectively for A1 and A2 
configuration compared with the single wire. It can be 
found that a significant increase of ΔZ/Z is observed 

Table 1.    GMI ratio (%) and dc magnetic field sensitivity (1/Oe) for single wire and two wires (A1 and 
A2 configuration). The maximum values of the GMI ratio was measured for driving current with 14 mA 
and 4.5 MHz frequency

Frequency (6 MHz)Frequency (4.5 MHz)Frequency (2 MHz)Distance 
(mm)

Different 
configurations GMISensitivityGMISensitivityGMISensitivity

31421.634222.123720.6-Single wire
32622.736323.227721.35A1

46735.948341.235037.18A1

37826.139231.428427.012A1

18410.220212.213410.75A2

1618.71758.71258.88A2

19211.619713.113812.512A2
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when two quasi-identical wires are arranged in parallel 
mode with series current (A1 configuration), which 
indicates that the parallel connection with series current 
is an effective method of improving GMI property for 
potential sensor application.

4.  Conclusion

The parallel setup of two wires can change the giant 
magneto impedance response. It was shown that the role 
of the current type in two wires is critical. Depending 
on the setup in series or parallel current for two wires 
can increase or decrease the GMI effect. Under suitable 
conditions, considerable enhancement in the GMI can 
be achieved by this technique. The best condition for 
GMI response measured in series current type and 8 mm 
distance between two wires. In this type the impedance 
ratio increases from 340% of single wire to 480% in series 
current type. In parallel current mode, the GMI effect was 
reduced in all distances and conditions. For instance the 
GMI ratio decreases to 180%. 
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