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Abstract: Мagneto-impedance (MI) effect in the Fe72Cu1V4Si15B8 amorphous 

ribbon obtained by melt spinning method has been studied. The aim of study was 

the characterisation of this ribbon in as-cast state in terms of its application as a 

MI sensor. The experiments on MI elements were performed in the frequency 

range from 30 kHz to 300 MHz and maximum external magnetic field up to 28.6 

kA/m. Maximum observed MI-ratio (ΔZ = Z(0) – Z(Hmax), Hmax = 28.6 kA/m) has 

amounted to ΔZ/Z(Hmax) = 173% at a frequency of 20.46 MHz. The MI curve 

measured up to 20 MHz shows some shoulder indicating the growth of rotational 

contribution of magnetization that appears above the domain wall relaxation 

frequency. The MI profile at frequencies higher than 30 MHz, exhibits a clear 

peak positioned at transverse anisotropy field Hk, suggesting domination of 

rotation magnetization in transverse permeability. The linearity in the range up to 

5 kA/m with sensitivity of about 11 %/kA/m was observed. 

Keywords: MI effects, MI sensors, Amorphous alloys, Magnetic field. 

1 Introduction 

Very interesting phenomena observed in amorphous soft magnetic 

materials (ribbons/wires or thin films) is magneto-impedance (MI) effect. This 

effect is manifested by significant changes in the impedance of MI-element 

under the influence of an external dc magnetic field (H). If magneto-impedance 

ratio is higher than 100 % it is giant magneto-impedance (GMI) effect. MI 

effect was discovered in the early nineties of the twentieth century [1] and 

nowadays it is used for making a very sensitive magnetic field sensor whose 

sensitivity reaches up to about 7%/(A/m) [1 – 4]. Similar effect is giant 

magneto-resistive (GMR) effect with the changes of electrical resistance but 

with lower sensitivity of about 0.0125 %/(A/m) [4]. It should be noted that there 

are substantial differences in the origin of magneto-impedance compared to the 

magneto-resistance (MR) effect [5]. MI and MR effects are used for monitoring 
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magnetic fields as well as induction sensors, magneto – optical sensors, Hall 

sensors and resonance magnetometers. 

Magneto-impedance effect is usually studied with the amorphous and nano-

crystalline alloys (in the form of ribbons or wires) obtained by rapidly 

quenching of the alloy melt onto a rotating copper disc ("melt-spinning roller 

casting").  

Empirical rules for obtaining amorphous structures are as follows:  

1. The alloy contains at least three components;  

2. The alloy elements should have different atomic diameters (minimum 

difference of 12 %) whose heat of mixing is almost zero;  

3. Metal component should have a negative heat of mixing with 

metalloids;  

4. The standard content of metalloids is about 20 at. %.  

The common content of soft magnetic amorphous and nanocrystalline 

alloys is shown in Fig. 1 [6]. 

 

 

Fig. 1 – Chemical elements in common soft magnetic amorphous alloys [6]. 

 

Magnetic domains in the ribbon sample are parallelepiped-shaped (see 

Fig. 2). It can be seen that they are arranged along the y-axis, i.e. at an angle of 

90o in relation to the length of ribbon. Neighboring domains are alternating with 

the opposite orientation due to achieving the lowest energy configuration.  

The components of magnetization J along the x-axis and z-axis of the 

neighboring domains are in opposite orientation too, as it is shown in Fig. 2a 

[7 – 9].  
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Fig. 2 – Magnetic domains in amorphous ribbon: appearance (a) for H = 0 [7],  

(b) for H > 0 [8], and (c) for H >0 showing the micro and macro eddy currents [9]. 

 

Entering sample into external magnetic field is followed by domains 

rotation according to x-axis, i.e. into direction of the magnetic field, thereby 

reducing impedance of the sample. The effect is more pronounced with the 

increase of magnetic field intensity. In addition, there is the appearance of 

negative magnetostriction in width-direction and positive magnetostriction in 

length-direction of ribbon. 

MI-ratio is usually defined as a relative change in the impedance (Z) of a 

sample under the influence of external DC magnetic field (H): 

 max
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where Z (Hmax) is the impedance at maximum magnetic field that is applied in 

longitudinal direction of the ribbon sample.  

In classical skin-effect explanation, magnetic materials at relatively high 

frequencies (f) have penetration depth (δm) given by: 
 

 
m

f

ρ
δ =

πμ
. (2) 

where: μ is magnetic permeability and ρ is electrical resistivity. 

In the soft magnetic material with high permeability and low electrical 

resistivity at relatively high frequencies, penetration depth becomes less than 

half of the ribbon thickness, i.e. the radius of wire [10 – 12]. The frequency at 

which MI-effect starts is evidenced as critical frequency. 

It should be also noted that there is an influence of magnetic field on the 

magnetic permeability, i.e. dependence μ (H). Therefore, at constant frequency 

changes occur in the impedance of test sample with increase of external DC 

magnetic field.  

2 Experimental 

Impedance of the test sample in the form of Fe72Cu1V4Si15B8 amorphous 

ribbon was measured using the Vector Network Analyzer Agilent 8753ES 

(microwave technique). The application of network analyzer provides more 

accurate results at higher frequencies in comparison to RLC meter, where 

impedance is tested by the “four points” method. The MI-element is in the 

central positon of Helmholtz’s coils with homogeneity of about 99%. 

The measuring principle in microwave technology is based on the 

relationship between the amplitudes of direct wave and reflected wave as shown 

in Fig. 3. Direct excitation wave was generated from the signal generator. If the 

origin wave has a different propagation path (different characteristic 

impedance) the reflection of the excitation wave occurs and the reflected wave 

is generated. Since the reflected wave occurs due to differences in the 

impedance, the result of calculation is ratio between the direct and reflected 

wave, i.e. their amplitudes and phases (S-scattering parameters). 

The network analyzer gives measured impedance in the range from 30 kHz 

to 6 GHz. However, experiments were performed in the frequency range from 

30 kHz to 300 MHz, as the maximum MI-ratio is obtained about 25 MHz. 
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Fig. 3 – The principle of impedance measurements in the microwave technique,  

1 – direct wave, 2 – reflected wave, 3 – wave that passes through the sample. 

 

In microwave engineering measured response – impedance is equal to the 

square root of the product of the values measured with open connections and 

with short circuit, i.e. it is calculated using the formula:  

 
x oc sc

Z Z Z= , (3) 

where is: Zoc – open connections impedance, Zsc – short circuit impedance,  

Zx – measured impedance. 

 

Fig. 4 – The sample holder and the MI-element:  

1 – distance between electrical contacts of MI-element,  

2 – sample holder contacts, 3 – samples of tested amorphous ribbons. 
 

The sample holder is performed by printed circuit board with copper layer 

on both sides, wherein the upper side contacts are made by bulk copper (Fig. 4). 

The dimensions are adapted to the length of the ribbon of about 70 mm (the 

measured length of the sample through the impedance is 50 mm). The sample 

holder enters into the measuring system some error. In order to eliminate error 

originated by the sample holder, it is necessary to create short circuit of the 

holder with copper strip of appropriated dimensions similar to the measured 

sample, prior to measurement. 



R. Surla, N. Mitrović, S. Đukić, V. Ibrahimović 

386 

Figs. 5 and 6 show an experimental setup for MI measurement that contains 

power supplies, network analyser Agilent 8753ES and Helmholtz coils. 

 

Fig. 5 – Experimental setup for MI measurement  

(power supplies, network analyser and Helmholtz coils). 

 

 

Fig. 6 – Measuring equipment (Vector Network Analyser and  

MI-element positioned in Helmholtz coils). 
 

3 Results and Discussion 

Figs. 7 and 8 show the MI-ratio ΔZ/Z = (Z(H) – Z (Hmax))/Z(Hmax) vs. 

frequency with magnetic field intensity H as a parameter. Fig. 7 shows the 

results of experiments with “positive” direction of magnetic field, while Fig. 8 

shows the results of experiments in “negative” direction, i.e. after the exchange 

of direction. Of course, the maximum of about 173% was observed for 

maximum ΔZ = Z(0) – Z(Hmax) at a frequency of 20.46 MHz, as a result of the 

changes of penetration depth δm under the external magnetic field influence.  
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Fig. 7 – Dependence of the MI ratio on frequency in Fe72Cu1V4Si15B8 ribbon  

(„positive” direction of magnetic field). 

 

 

Fig. 8 – Dependence of the MI ratio on frequency in Fe72Cu1V4Si15B8 ribbon  

(„negative” direction of magnetic field). 
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The diagram in Fig. 9 presents the MI profile in both magnetic field 

direction (“positive” and “negative” Hmax = ± 28.6  kA / m) with driving frequency 

as a parameter ranging from 1 MHz to 300 MHz. In both cases, the maximum 

value of impedance was registered at frequency of 20.46 MHz and further 

increase in frequency is followed with MI-ratio decrease. It is notable symmetry 

of the observed curves.  

 

Fig. 9 – MI profile in Fe72Cu1V4Si15B8 ribbon (in both magnetic field  

direction “positive” and “negative” Hmax  = ±  28.6  kA / m)  

with driving frequency as a parameter. 

 

MI profile exhibits the peak positioned at transverse anisotropy magnetic 

field Hk (see Figs. 9 and 10). This is result of growth of rotational contribution 

of magnetization in transverse permeability. Dominant influence of mechanism 

of rotation of magnetization vector during the magnetization process has been 

observed in the experimental results performed on Co-based (Co70.4Fe4.6Si15B10 

[13]) and Fe-based (Fe72Al5Ga2P11C6B4 [14]) soft magnetic ribbons as well as 

approved by Kraus theory [2]. 

Furthemore, a shift of the MI-ratio maximum is clearly observed. This 

increase in transverse magnetic anisotropy field Hk is the most pronounced at 

frequencies above 30 MHz, as one can see on Fig. 9. Figs. 10, 11 and 12 show 

calculated MI-ratio performed for different values of maximum external 

magnetic field Hmax. The MI ratio exhibits some shoulder indicating the growth 
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of rotational contribution of magnetization that appears above the domain wall 

relaxation frequency (see Figs. 10 and 11).  

 

Fig. 10 – MI ratio in Fe72Cu1V4Si15B8 ribbon (Hmax = 3.82 kA/m)  

with driving frequency as a parameter, ranging from 1 MHz to 9 MHz. 
 

 

Fig. 11 – MI ratio in Fe72Cu1V4Si15B8 ribbon (Hmax = 4.88  kA / m) with  

driving frequency as a parameter, ranging from 9 MHz to 17 MHz. 
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Fig. 12 – The linearity of MI ratio in Fe72Cu1V4Si15B8 ribbon (Hmax = 28.6  kA / m)  

with driving frequency as a parameter, ranging from 1 MHz to 17 MHz. 

 

After the initial increase and peaks positioned at Hk, it can be noticed that 

linear decrease of MI ratio is within frequency range from 1 MHz to 17 MHz. 

Analysis performed for low external magnetic fields (Hmax <  5 kA / m) shows 

maximum in sensitivity of about 11 %/(kA/m) at frequencies 7–8 MHz. 

Fig. 13 shows MI-ratio with driving frequency as a parameter, ranging from 

50 MHz to 300 MHz. It presents a clearly visible shift of the maximum value of 

MI-ratio with increasing frequency (Fig. 13a), i.e. increasing of the magnetic 

anisotropy field Hk (when |ΔZ| = |Z(H) – Z(Hk)| = 0; Fig. 13b). Opposite to low 

frequencies, MI-ratio exhibits linearity for low values of the external magnetic 

field (Hmax < 3 kA/m). The highest sensitivity of about 7 %/(kA/m) was 

registered at the frequency of 300 MHz. 

Fig. 14 shows 3D diagrams where MI-ratio is presented vs. frequency and 

external magnetic field, i.e. (ΔZ/Z) (f, H). Those diagrams enable complete 

observation of the MI-ratio interdependence on both parameters. 
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(a) 

 

 

(b) 
 

Fig. 13 – The linearity of MI ratio in Fe72Cu1V4Si15B8 ribbon with driving  

frequency as a parameter, ranging from 50 MHz to 300 MHz;  

(а) Hmax = 28.6 kA/m and (b) Hmax = Hк. 
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Fig. 14 – 3D diagrams of MI-ratio vs. frequency (range 30 kHz to 300 MHz)  

and external magnetic field (Hmax  = ±  28.6  kA / m). 
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4 Conclusion 

The MI effect in Fe72Cu1V4Si15B8 soft magnetic amorphous ribbons has 

been investigated. A maximum of about 173 % (at Hmax = 28.6 kA/m) is 

obtained by measurements performed by microwave network analysis. A 

sensitivity of about 11 % / (kA / m) has been observed in the low magnetic field 

region (Hmax ≈ 4–5 kA/m; f ≈ 7–8 MHz), revealing these ribbons as a potential 

magnetic field/current sensing MI-elements in the automotive, computer and 

aerospace industry. Improvement of electrical and magnetic properties of 

investigated as-cast samples can be attained by structural relaxation after 

optimal annealing treatment, which will be the subject of next experiments of 

this alloy ribbons. 
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