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Proposing magnetoimpedance 
effect for neuromorphic computing
Loghman Jamilpanah 1,2*, Alessandro Chiolerio 3,4, Marco Crepaldi 4, Andrew Adamatzky 5 & 
Majid Mohseni 1*

Oscillation of physical parameters in materials can result in a peak signal in the frequency spectrum 
of the voltage measured from the materials. This spectrum and its amplitude/frequency tunability, 
through the application of bias voltage or current, can be used to perform neuron-like cognitive tasks. 
Magnetic materials, after achieving broad distribution for data storage applications in classical Von 
Neumann computer architectures, are under intense investigation for their neuromorphic computing 
capabilities. A recent successful demonstration regards magnetisation oscillation in magnetic thin 
films by spin transfer or spin orbit torques accompanied by magnetoresistance (MR) effect that can 
give a voltage peak in the frequency spectrum of voltage with bias current dependence of both peak 
frequency and amplitude. Here we use classical magnetoimpedance (MI) effect in a magnetic wire to 
produce such a peak and manipulate its frequency and amplitude by means of the bias voltage. We 
applied a noise signal to a magnetic wire with high magnetic permeability and owing to the frequency 
dependence of the magnetic permeability we got frequency dependent impedance with a peak at 
the maximum permeability. Frequency dependence of the MI effect results in different changes in the 
voltage amplitude at each frequency when a bias voltage is applied and therefore a shift in the peak 
position and amplitude can be obtained. The presented method and material provide optimal features 
in structural simplicity, low-frequency operation (tens of MHz-order) and high robustness at different 
environmental conditions. Our universal approach can be applied to any system with frequency 
dependent bias responses.

“Neuromorphic computing might be the answer to the hardware problem of artificial intelligence”, says a recent 
editorial in Nature Electronics1. Dynamical phenomena and oscillations synchronisation covers a prominent 
portion of neuromorphic computing2–5. Design and implementation of physical systems and materials, capable 
of emulating these oscillations and thus permitting their use for computing tasks, has been the subject of many 
researches in recent years6. Magnetic materials may be one of the most promising competitors for neuron-based 
computing due to their high stability, retention, energy efficiency and miniaturisation potential which have 
already resulted in their implementation in computer memories7,8. Nowadays, they have been used to perform 
neuromorphic computing tasks based on oscillation of magnetisation9,10. Their successful implementation has 
been achieved thanks to their oscillation frequency tunability obtained through an applied bias current passing 
through them. The magnetisation oscillation together with MR effect cause the voltage/current oscillation9–11. 
Despite such appealing features, operating thin films and achieving the conditions for a stable micromagnetic 
structure and controllable spin-torque effect requires the fabrication of ultra-thin structures with planar inter-
faces without local trapping states and impurities12, the achievement of high spin injection efficiency13, and more 
generally the use of dedicated equipment14.

Here we present magnetic permeability characteristic of magnetic wires for the exploitation of a peak in the 
frequency spectrum of the voltage and enable its control through a bias voltage. The physical basis is the fre-
quency dependence of permeability which results in frequency dependence of impedance through the classical 
skin effect15. According to Maxwell theory, when a current with frequency f passes through a magnetic material 
with transverse magnetic permeability µ (perpendicular to the direction of passing current), the impedance is 
given by,
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where k = (1+ i)/δ and J0 and J1 are the Bessel functions of first type, a is the radius of the wire, δ is the magnetic 
penetration depth, given by,

with σ electrical conductivity, f frequency of the current along the sample and µϕ is the circular magnetic 
permeability16,17. Figure 1 shows a schematic of the effect where magnetic fields presented in the system, includ-
ing Oersted field (H), can change the transverse magnetic permeability, and therefore the skin depth, and as a 
result the impedance can change. The effect is known as magnetoimpedance (MI) effect and has been well-known 
since many years17.

Here, for the first time, we apply an electrical noise signal to a magnetic wire and look at the voltage amplitude 
of the wire in the frequency spectrum. We observe a peak in the spectrum with frequency and amplitude tun-
ability under an applied DC bias voltage thanks to the MI effect. DC bias current creates a DC tangential magnetic 
field, which affects the circular permeability and consequently the impedance of the wire. Significant dependence 
of the impedance on DC bias current has been observed already18,19. The observed peak is due to the maximum of 
the permeability at the peak position. Generally, in magnetic materials, µ increases up to a specific f by increasing 
domain wall speed and domain rotation. By further increase of f the µ decreases due to damping of domain wall 
motion by Eddy currents17. By applying an external bias voltage, different frequencies give different MI ratios and 
result in a net shift of the peak frequency and amplitude. Nonlinear evolution of the amplitude and frequency of 
the peak is observed by applying a DC bias voltage. The simple electrical control over the peak can be used for 
training a neural network composed of some magnetic wires implemented in a circuit. The lower functioning 
frequency and simple structure of the presented method feature some advantages in comparison to typical spin 
torque oscillators which operate at higher frequencies9–11. Also, the possibility of manipulating the impedance 
of these wires through spin-orbit torque (SOT), according to our previous demonstration20, is promising for 
the successful implementation of our proposed computing method for tasks with efficient energy consumption.

Materials and methods
Amorphous Co-based wire with the composition of Co68.15Fe4.35Si12.5B15 was purchased from metallurgy labo-
ratory of Sharif University. For the electrical measurements a straight wire with 40.0 mm length and ≈110 µ m 
diameter is used. The voltage signals are applied in the longitudinal direction of the wire using a function genera-
tor (GPS-2125), with a 50 � resistor series in the circuit. The voltage across the wire is measured using a digital 
oscilloscope (GPS-1102B). AC coupling mode of the oscilloscope is used in the measurements for convenience 
in the data recording. The schematic of the measurement setup can be seen in Fig. 2a.

Results
Dependence of the frequency and amplitude of the peak to the bias voltage.  Measurements 
outcomes when noise and DC bias voltage are applied to the magnetic wire are presented in Fig. 2. The amplitude 
of the noise is chosen to have 0.1 V variance. Figure 2b shows the voltage signal saved from the oscilloscope. 
Clearly, the variance of the noise signal decreases by increasing the bias amplitude. For detailed analysis of the 
voltage amplitude at each frequency the fast Fourier transform (FFT) signal is derived and depicted in Fig. 2c. 
For clarity the FFT signal is smoothed by averaging 500 points of the plot. The amplitude shows a maximum 
at about 30 MHz with zero bias voltage and by increasing the bias voltage to 9 V the peak frequency shifts to 
50 MHz. The bumpy amplitude of signal at low voltage bias can be justified by the randomness of the magnetiza-
tion which has a very high permeability and easily can be affected by environmental signals16,21. Impedance of 
the wire increases by increasing the frequency up to a specific point (30 MHz here), and by further increasing 

Z =
RDCkaJ0(ka)

2J1(ka)
,

δ = c (8πσµϕ f )
−1/2,

Figure 1.   Schematic of an AC electric current passing through a magnetic wire with circular permeability µϕ . 
The impedance can be changed by external magnetic fields submitted to the system through controlling the µϕ 
[this functionality can be written as Z = F(δ(µϕ(H)))].
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frequency the domain wall movement is damped and the permeability/impedance decreases consequently. It 
can be seen that by applying bias voltage the amplitude decrease mainly occurs at lower frequencies which leads 
to the peak shift towards higher frequencies. Therefore, frequency dependency of MI effect plays an important 
role in the obtained result. Also, the observed shift is affected by the impedance of the used circuit elements (for 
a broader discussion see section comparison with nonmagnetic wires). Another notable change is the decrease 
of the peak amplitude by increasing the voltage bias. In Fig. 2d the evolution of both frequency and amplitude 
of the peak versus voltage bias is presented. As it can be observed, the peak voltage and frequency change are 
nonlinear and the response is similar to those measured in STOs10. Besides, we have previously demonstrated 
that the impedance can be a function of previous magnetization states when the wire is covered with cobalt22, 
acting as a memory. Upon decrease of the voltage the original FFT signal can be restored. This cycle can be 
repeated for many times without losing the properties of the observed signal. This stability gives a substantial 
advantage, compared to the current technologies, for producing ultra stable neuromorphic devices. MI effect of 
Co68.15Fe4.35Si12.5B15 amorphous wires has been investigated intensely due to their high magnetic permeability 
(at the order of 104 µ0

23, µ0 is the magnetic permeability of the vacuum) which results in high MI ratios (at the 
order of ≈102%24). The resistivity of the used material has been reported to be 130 µ� cm25. In the following, 
we discuss some aspects of the observed phenomena which can be considered for better understanding of the 
underlying mechanisms and also their further possible developments.

Higher harmonics effects.  In the observed frequency spectrum of the voltage not only the first harmonic 
but also higher harmonics might play a role. To investigate how higher harmonics might play a role in the fre-
quency and amplitude shift of the peak, we present measurements for a fixed frequency. When the AC magnetic 
field is in the order of, or larger than, the anisotropy field, nonlinear effects can be observed in the MI signal26. 
Odd harmonics are always present in nonlinear MI and even harmonics are present in wires with helical anisot-
ropy, where asymmetry in the circumferential hysteresis loop is present27–29. Here we apply a 10 MHz AC signal 
with large amplitude (10 Vpp ) to the circuit of Fig. 3a. Figure 3b shows the voltage signal where higher harmonic 
effects can be observed through deviation from sinusoidal form when bias voltage increases. Figure 3a is the FFT 
signal of the data showing higher harmonics peaks. By taking a closer look at the evolution of the harmonics 
amplitude (Fig. 3c) it can be seen that amplitude of odd/even harmonics decreases/increases by increasing bias 
voltage. This trend has been theoretically predicted for wires with transverse magnetic anisotropy30 and here 
we observe it experimentally, for the first time. One notable characteristic of the higher harmonics is the much 
higher sensitivity of the even harmonics to the bias voltage. The amplitude change of 4f harmonic in Fig. 3c cor-
responds to ≈ 1500% change in the amplitude of this harmonic. The higher sensitivity of higher harmonics has 
been observed by others as well25. This might provide an opportunity for larger range frequency and amplitude 

Figure 2.   (a) Circuit used for the creation of the peak at the frequency spectrum of the voltage using a magnetic 
wire. (b) Measured noise signal from the oscilloscope. (c) The FFT of the measured noise signal under different 
applied voltage biases. (d) Frequency and amplitude of the produced peak versus applied bias voltage.
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peak shifts in the frequency spectrum. The presence of higher harmonics in the system may give the possibility 
of featuring larger FFT peak frequencies and amplitude tunability ranges. There is room to further investigate 
the higher harmonics effects when the noise is applied with different applied amplitudes of the frequencies. A 
simulation demonstration of the harmonics can be seen in supplementary information.

Comparison with nonmagnetic wires.  To see the effect of the whole circuit on the observed signals in 
our experiment we repeated the measurements using a nonmagnetic Cu wire with similar geometry (115 µ m 
diameter and 4 cm length). In Fig. 4a we can observe that the voltage signal of the Cu wire under bias voltage 
shows a very small change which might be due to the change in the induction of the wire. Also a slight differ-
ence in the FFT signal can be appreciated in Fig. 4b. It can be seen that the measured FFT signal of the Cu wire 
is similar to the magnetic wire when the highest bias voltage is applied. Figure 4c compares the normalized FFT 
signal of the magnetic wire and of the Cu wire at the saturation condition (highest bias voltage). This plot clearly 
indicates that the saturated position is a characteristic of the circuitry used and also of the noise source. Results 
indicate the importance of the used circuitry elements for the final peak position and amplitude. Also results of 

Figure 3.   (a) FFT signal of the magnetic wire when 10 MHz AC voltage is applied to the wire with different 
voltage biases. (b) The measured voltage signal from the oscilloscope under different bias voltages. (c) The 
higher harmonics voltage amplitude versus applied voltage bias.

Figure 4.   (a) Oscilloscopes measurement for the nonmagnetic Cu wire under applied noise and bias voltage, 
(b) FFT signal of the Figure 4a signals, (c) Comparison of the normalized FFT voltage signal of magnetic wire 
and nonmagnetic Cu wire.
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measurement on nonmagnetic Cu wire show the importance of using a magnetic wire with high permeability 
for the presented method in this work.

Symmetric response to voltage bias.  Another property of the wire and consequently of its electronic 
properties, is the symmetric structure and signal response. We applied a negative bias voltage to the system and 
observed a similar trend for the FFT peak frequency and amplitude shift. The FFT of the noise signal for ±9 V 
bias voltage are completely overlapped (Fig. 5a). The voltage signal of the oscilloscope for a ±2.5 V bias voltage 
(Fig. 5b) indicates asymmetric phase shifts for the higher harmonics. However, for voltage amplitudes, higher 
harmonics show the same behaviour for positive and negative bias voltage as the odd and the even harmon-
ics amplitude (Fig. 5c,d, respectively) are overlapped for ±2.5 V bias.This observed symmetry is related to the 
alignment of the Oersted field, originating from the bias voltage, and the alignment of the domains in the wire. 
The wire with transverse magnetic anisotropy has parallel alignment of domains with the applied Oersted field, 
either positive or negative voltage. This similar geometry for domains alignment and the Oersted field in both 
positive and negative voltage biases results in a similar change in the magnetic permeability and therefore similar 
changes of the amplitude change. This result is observed for other voltage bias amplitudes as well and can be 
considered in circuit designs for a realistic computation.

Possible circuit implementation for neuromorphic computing
In this section, we explain a possible circuitry implementation for a neuromorphic computing-based task, i.e. 
vowel recognition. Figure 6a represents the schematic of a neural network where the output of each neuron can 
affect the other neurons (depicted via double arrow connections). Figure 6b demonstrates a circuitry schematic, 
equivalent to the neural network of Fig. 6a. Each wire can be set with specific material parameters so that the 
impedance peak of each wire in the frequency spectrum, schematized in Fig. 6c, are distinguishable. Noise signal 
and frequency characteristics of the vowel, encoded in fA and fB , are applied to all the wires through an element 
with impedance Z. According to the wires characteristics, a shift of spectrum from black curve to the green 
curve is possible via application of VDC to the wires, providing the possibility of synchronizing the wires peak 
signal and the vowel characteristic frequencies which can be used for recognition of the vowel. Application of 
the VDC to the wires to achieve the synchronization between the vowel frequency characteristics and the wires 
peak spectrum is the way of training the network.

The work of Romera et al.9 is a successful demonstration of vowel recognition with spintronic devices. Much 
higher frequencies can be achieved in STOs, compared to the high permeability wires used in this work. In 

Figure 5.   (a) FFT of the voltage signal of the magnetic wire under ± 9 V bias. (b) Voltage signal of the magnetic 
wire measured under ± 2.5 V bias voltage. FFT of the magnetic wires (c) first harmonic and (d) second 
harmonic voltage signal under ± 2.5 V bias voltage.
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such spintronic-based devices, it has been anticipated to reach higher functioning frequencies to compensate 
the small number of involved elements in neuromorphic computing system. An example of these efforts is the 
theoretical work of Khymyn et al. 31 on antiferromagnetic oscillators where higher functioning frequencies (1 
THz) are achievable. Despite the much lower functioning frequencies of the used wire in this work, we emphasis 
on the potential of the used system at high frequencies (GHz range) too32. A. Moya et al.32 have demonstrated 
the antenna behavior of Co-base wire with high permeability at GHz frequency range, indicating the potential of 
implementing the proposed approach based on environmental noise. This characteristic might open the pathway 
towards achieving a zero power computing system. Considering the possibility for device implementation, also we 
should mention the successful implementation of on-chip-integrated MI sensors which provides complementary 
metal-oxide semiconductor (CMOS) technology compatibility33. Therefore, our method can be applied to wires 
with much smaller dimensions which can provide lower voltage application possibility.

Conclusion
We used frequency dependence of magnetoimpedance in a wire under noise signal to generate a voltage peak in 
the frequency spectrum. The presented tunability of the peak frequency and amplitude under bias voltage could 
be used in designs of neuromorphic computing systems. We suggest the implementation of some magnetic wires 
in a circuit to accomplish synchronisation through the application of a bias voltage to each wire. The possibil-
ity of coupling our magnetic wires through magnetic dipole/exchange interaction and also electrical voltage/
current gives the opportunity of training for a neural network-based computing system. The known hysteretic 
and SOT-driven MI response of the wires can add up to the promises of the presented method. We suggest the 
application of this formalism to systems which show frequency dependent response.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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