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Abstract

The planar structure with a radial current distribution is suggested for sensor applications and is investigated both theoretically 
and experimentally. The studied structure consists of two identical ferromagnetic disks separated by a dielectric layer. The modified 
construction of the magnetoimpedance sensor may help to avoid the appearance of parasitic effects caused by the intrinsic magnetic 
field of the sensitive element. The strong changes in the impedance of the structure on frequency and permeability value were pre-
dicted. The theoretical estimation was qualitatively confirmed by experimental results for the model samples.
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Introduction

During the last decades much work has been done on the mag-
netoimpedance (MI) effect in soft magnetic alloys, with a special 
attention paid to amorphous wires and ribbons as they exhibit a 
high sensitivity of MI promising for magnetic sensor applications 
[1,2]. The pronounced magnetic softness makes it possible to de-
sign MI-based magnetic field sensors for geomagnetic applications 
[3,4], as well as mechanical stress and temperature [5,6] evalua-
tions. The MI effect also allows the detection of labeled biomol-
ecules [7].

The MI is known to appear due to the effect of the applied 
magnetic field on the permeability in the transverse to the AC cur-
rent direction and is contributed by the magnetization reversal 
mechanisms associated with the domain-walls motion and the 
magnetization rotation [8]. The contribution of the domain-walls 
motion to the MI dominates within the low-frequency range. As 
the frequency increases above a few MHz in Co-based amorphous 
materials, the domain-walls motion is damped, and the rotational 
magnetization is responsible for the MI effect. High values of mag-
netic permeability in amorphous alloys are responsible for the ap-

pearance of giant MI and its sensitivity values. 

However, for further improvement of the properties of the alloy 
for the highest sensitivity of the sensors several approaches can be 
used. The first one includes usage of special treatment techniques. 
In particular, the effect of the annealing under different conditions 
(annealing time, the temperature, the applied field and mechanical 
stresses, and the atmosphere used during annealing) changing the 
anisotropy distribution in the samples, which can also be traced by 
the hysteresis loop evolution, are well-known to have a significant 
impact on the MI field and frequency dependences. Another ap-
proach is based on the changing both the size and geometry of the 
sensors [9]. In this case, complex structure excitation due to non-
uniform current distribution and as well as possible resonant be-
havior of the MI can also enhance the sensitivity of MI to magnetic 
field. Usage of radial current distribution helps to reduce parasitic 
signals induced by the intrinsic magnetic field, thus contributing 
to the sensing capabilities of the element. In this work, we investi-
gated the planar sensors with a radial current distribution which 
presents the changes in the MI profiles as functions of the magnetic 
field and the excitation frequency.
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Theory
The studied structure consists of two identical ferromagnetic 

disks having thickness d and radius a separated by a dielectric 
layer and connected at the periphery by a continuous contact (see 
Figure 1). The contribution of the contact to the system impedance 
is neglected. The system is excited by the driving current I = I

0
exp(–

iωt) from the outer plane of the disks. The contact area between the 
disc and current lead can be neglected, since it is small in compari-
son with the disc cross-section. We assume also for simplicity that 
the disk permeability μ is a scalar value.

Figure 1: Planar structure with radial current distribution – sec-
tion by plane perpendicular to the sensor surface (left), radial 

current distribution (right).

To find the impedance of the disk, the distribution of the elec-
tromagnetic fields within the disk should be obtained. We used the 
cylindrical coordinate system (ρ ,ϕ , z)  and considered the compo-
nents of the fields to be independent of the azimuthal coordinate 
ϕ . The distribution of the electromagnetic fields within one disk 
(−d < z < 0) can be described by means of Maxwell equations with 
the following boundary conditions at the disk surface:

 

Here eρ and ez are the radial and axial components of the electric 
field. 

Taking into account (1) and (2) the field distribution within the 
disk can be presented as follows:

  

Here hϕ is the circular component of the magnetic field, A is a 
constant, J

0
 and J

1
 are the Bessel functions of the first kind, β = (2i /

δ 2− k 2)1/2, δ = c / (2πσωµ)1/2 is the skin depth, c is the speed of 
light, σ is the disk conductivity, and k = −π / 2d.

The impedance of the disk can be obtained in terms of the sur-
face impedance ζ = ez(a) / hϕ(a): 

Here Z’d and Z’’d are the real and imaginary parts of the disk im-
pedance respectively.

The impedance of the system can be considered as the im-
pedance of the oscillatory circuit, in which the resistance R = 2Rd 
and inductance L = −2(c2/ ω)Z’’d (factor 2 takes into account two 
disks) and the capacitance C formed by the interlayer between the 
disks are connected in parallel. The impedance of such system can 
be expressed as follows:

In general case, the capacitance C depends on the distribution 
of the surface charges. Taking uneven distribution of the charges 
related to edge effects into account the capacitance C can be pre-
sented as follows [10]:

 

Here ε and t is the permittivity and thickness of the dielectric 
layer, respectively. 

Using the presented expressions, the frequency dependences of 
the real Z’ and imaginary Z” parts of the system impedance were 
calculated. 

Experimental
The experimental investigations were carried out using the 

model samples, which were prepared from Fe70Co24,5Si2,9B3,1, and 
Co72Ni12,2Fe5,7Si6,5B3,6 amorphous ribbons with the thicknesses of 
0.02 and 0.015 mm, respectively. Two disks with diameters 10 and 
15 mm were cut from each ribbon. The static permeability in plane 
of the ribbon was guaranteed above 104. Copper leading wires were 
soldered to the center of the disk. Polyethylene film with the thick-
ness of 10 µm was used as a dielectric interlayer. Periphery parts 
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of the disks were connected with silver-based conductive glue. The 
measurements were carried out using vector network analyzer 
Agilent FieldFox N9923A in the frequency range 2 MHz - 2 GHz at 
the room temperature in the absence of the applied magnetic field. 
The alternating current of 1 mA flowed through the sample. The 
sample impedance, Z, was calculated from the reflection coefficient 
S11 using expression [11]:

 

Where Z0 = 50 Ohm is the characteristic impedance of the co-
axial line. The DC resistance of the samples was below 0.1 Ohm.

Results and Discussion
Figure 2 shows the frequency dependences of the real Z’ (a) 

and imaginary Z” (b) parts of the system impedance calculated for 
different values of the permeability µ . The values of Z’ and Z” are 
reduced to the expression 1/ (2σa). For the calculations, the fol-
lowing parameters were used: the disk diameter 2a = 2 cm, the disk 
thickness d = 30 µm, the disk conductivity σ = 7 ⋅ 103 (Ohm ⋅ cm)−1, 
the thickness of the dielectric layer t = 2 µm, and its permittivity 
ε = 4.

Figure 2: Calculated frequency dependences of the real Z' and 
imaginary Z" parts of the system impedance at different values of 
the permeability μ. The values of Z' and Z" are reduced to the dc 

resistance of the system.

One may see the strong dependence of the impedance on the 
permeability. Even at low frequencies (less than 100MHz) the 
change in the impedance reaches hundreds percent, as the perme-
ability increases from 1 to 1000.

For thinner dielectric layer (t = 0.3 µm) with the same permit-
tivity (ε = 4) the resonance dependence of the impedance on the 

frequency was obtained (see Figure 3, the top part). The curves 
demonstrate peak of the real part and sign change of the imaginary 
part of the impedance in MHz frequency range. For larger values of 
permeability inherent to amorphous materials and structures the 
resonant frequency shifts to lower values; corresponding reduced 
impedance significantly increases. 

The results of the calculation were compared with experimen-
tal data obtained using a model samples described above. The 
parameters of the calculations slightly vary from the real samples 
characteristics; however, they allow to compare the results and 
evaluate the general behavior of the dependences. The frequency 
dependences of real and imaginary impedance part obtained via 
calculations and in the experiment show similar resonant behavior 
(see Figure 3). The comparison of the resonant frequencies allows 
to conclude, that the experimental values of transverse permeabil-
ity were of the order of several thousand. The described theoretical 
approach predicts the main features of the curve. 

Figure 3: The comparison of the theoretical and experimental  
frequency dependences of the real and imaginary impedance 

parts. Experiment was carried out without magnetic field  
application; permeability values are of the order of 103. 
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The resonant behavior of the impedance provides the option of 
MI sensitivity enhancement in the near-resonant frequency range, 
which is of great prospects for sensor applications [12]. Radial cur-
rent distribution is also advantageous due to significantly reduced 
intrinsic magnetic fields, creating parasitic signals in sensing ele-
ments. Further improvement of the structure manufacture quality 
may lead to the MI value increase. Using sputtering techniques for 
the small-scaled structures manufacture can be promising for im-
plementation of such structures into complex devices. 

Conclusion
In this work, we propose a novel planar structure consisting of 

two ferromagnetic disks separated by a dielectric layer, which is 
promising for sensor applications. The distribution of the electro-
magnetic fields within the structure and its impedance are found 
by means of a solution of Maxwell equations. It is shown that the 
appearance of the capacitive component of the impedance leads 
to resonant frequency dependences of the impedance having high 
sensitivity to the permeability of the ferromagnetic disks. The re-
sults of the developed model are in a qualitative agreement with 
experimental data obtained for the planar structures. The main 
advantage of the proposed planar structure is related to a radial 
current distribution within the ferromagnetic disks. As a result, 
parasitic effects due to the intrinsic magnetic field of the sensitive 
element can be reduced significantly, which is of interest for sen-
sors applications.
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