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Amorphous cylindrical 
magnetic microwires with 
metallic nucleus 

Glass-coated microwires casting at TAMAG Iberica, S.L., Spain (a). 
SEM (b) and optical (c) images of glass-coated microwire samples
(the glass coating has been cut and the metallic core is exposed) 
and sample of a microwire bobbin produced (d).



Compositions and geometry of glass-coated microwires.
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One of the features of soft magnetic materials quite relevant for 
magnetic sensors and devices is so-called giant magnetoimpedance 
(GMI). The origin of the GMI effect as well as the main 
characteristics of GMI are satisfactorily explained in terms of 
classical electrodynamics, taking into account the skin effect of a 
soft magnetic conductor. High magnetic permeability of amorphous 
magnetic materials is a prerequisite for the implementation of the 
GMI effect. 

Z/Z =  [( Z (H) - Z (Hmax)] / Z (Hmax)
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 is the penetration depth 
µcirc -
circular magnetic permeability

M. H. Phan
Progress in Materials Science 53 (2008) 323–420
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Dependence of the experimental value of 
GMI ratio for wires with different r on the 
calculated value of angle of anisotropy
direction φ.
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Dependence of the sensor gain on the domain wall angle

Inclined stripe domain of CoNbZr strip, 
and dependence of the impedance on the external field
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A comparison of seven sensor features among magnetic sensors

Figure illustrates a comparison for the seven 
sensor features of linear and sensitive magnetic 
sensors with the GMR system including the 
TMR, the Fluxgate sensors, the SQUID, and the 
amorphous wire MI sensor (electronic 
compass installed in the smart phones and 
the wrist watches).



Figure represents a domain model for the nearly zero-
magnetostrictive amorphous wire used for the MI sensor 
head. The FeCoSiB amorphous wire is cold-drawn to 
around 15 μm d iameter   (by  UNIT IKA  Ltd.).
The three-layer domain structure is based on the 
existence of the residual stresses after the in-water 
quenching of the amorphous wire inducing a 
compressive stress at the surface layer and following a 
tensile stress at the inner core where a strong shape 
anisotropy aligns the magnetization along the wire axis. 
A circumferential anisotropy is induced with the 
compressive stress and the tension anneal.

Amorphous wire CMOS IC multivibrator type MI sensor for industrial usage



The CMOS IC inverter multivibrator ws adopted which generally used as the
timing pulse circuit in the personal computer as a pulse train generator for
amorphous wire magnetization via a differentiation circuitry and two time 
delay inverters. A pulse current train is illustrated in a photograph in Fig. (a) 
and corresponds to a sinusoidal currentwitha dc bias current as illustrated in 
(b). 
Thus a pulse current with the rising time of 10 ns corresponds to a 
sinusoidal current with around 50MHz, which induces a strong skin
effect in the amorphous wire. A dc component of the pulse train
current acts to make a single domain in the surface layer of the amorphous
wire so that the magnetization in the surface layer is only due to the
magnetization rotation.



Figure illustrates measured results of dc
magnetic field detection characteristics of an
amorphous wire CMOS IC magneto-
impedance sensor (MI sensor) high resolution
linear characteristics

The industrial mass production type magneto-impedance
element (MI element) is fabricated by Aichi Steel Co

The amorphous wire CMOS IC MI sensor 
shows almost100% directionality



Complementary metal–oxide–semiconductor (CMOS) is a type of metal–oxide–semiconductor field-
effect transistor (MOSFET) fabrication process that uses complementary and symmetrical pairs of
p-type and n-type MOSFETs for logic functions

Figure illustrates photographs of the amorphous wire CMOS IC electronic compasses chips for the smart 
phones. Three orthogonal axis amorphous wires of 10 μm diameter and 0.4mm length each constitute a 
geomagnetic field vector MI sensor head. The resolution of the horizontal plane direction detection is 0.1 
degrees. The pedestrian navigation system in the smart phones is composed of the electronic compass for 
holder’s horizontal plane direction sensing and the GPS for holder’s position sensing with the fact that 
the holder finds the aimed direction for walking in a headed city map in the display.
The electronic compass chips using the amorphous wire CMOS IC MI sensor have also been installed in the 
wrist watch since 2013, in which the performance of the MI sensor chip (AMI 306) is the geomagnetic field 
detection of 160 nT resolution for a dynamic range of ±1.2mT (12Oe) and a low current consumption of 
150 μA. The ultralow power consumption is due to the pulse interval independency for the pulse 
magneto-impedance effect. A true circle shape at the cross section of the amorphous wire minimizes the 
circumferential magnetization losses with the wire current. Highly sensitive sensor chips have also been 
developed as the motion sensor chips with the gyro (rotation angle velocity) sensing performance of the 
amorphous wire CMOS MI sensor.



block diagram of the GMI sensor

The high frequency oscillator is based on a newly implemented technique for the GMI sensors. This technique uses a Direct 
Digital Synthesizer (DDS) which allows generation of single frequency waveforms signals with high stability, high resolution 
and accuracy in frequency, amplitude, and phase. The DDS voltage output is coupled to a new structure of voltage-to-
current converter (v-i). This voltage-to-current converter supplies the high frequency current, iac, to the GMI element. The 
voltage, vac, across the GMI wire is amplitude-modulated by the external measured field, Hm. This voltage is applied to the 
input of the amplitude detector or demodulator. The demodulated voltage is then amplified by an instrumentation 
amplifier (AD620 from Analog Devices, Norwood, MA, USA). The output of this amplifier, which reflects the measured field, 
can be set to zero for a zero measured magnetic field.



Pico-Tesla Resolution MI Sensors
and Biomagnetic Field Sensing

A handy ultrahigh sensitive magnetic sensor with a resolution of around 1 Pico-Tesla (10−8 Gauss) using 
the amorphous wire CMOSMI sensor has been developed, in which a differential type sensor head using an 
amorphous wire of 8 mm length with two short pick-up coils at both ends connected antiserially for 
cancelling any uniform background magnetic noises. Electronic circuit noises are suppressed adding the 
notch filters.
Figure represents an example of detection of the biomagnetic signals: oscillatory periodical magnetic 
field generated from a guinea-pig smooth muscle preparation of 4mm width, 8mm length, and 0.3mm 
thickness set in a phosphate buffered saline solution (Knobs) (in vitro).
An amorphous wire sensor head of 30 μm diameter and 8mm length in an 800-turn wound coil is set 
outside the surface of the plastic physiological solution (Knobs) case in parallel with the biopsy fragment 
width direction. A distance between the sensor head and the biopsy fragment is around 2 mm. The 
biopsy fragment lives through around 3 hours in the solution and actively generates the self-oscillatory 
bioelectromagnetic signal itself at the solution temperature at
30–38 degrees C. In the physiology, sequential electromagnetic activities in the smooth muscle organs 
such as the heart and other viscera have been observed as follows: (1) origin of the action potential 
pulse triggered with a pacemaker cell nervous electric pulse signal, (2) the Ca2+ flows into the muscle 
cell with a delay time of around 100ms through the cell ion channels open by the action potential pulse, 
and (3) the muscle tension occurred after combination of the Ca2+ with the cell protein Troponin C.



The rotational speed measurement was carried out on a 
vehicle rotating shaft. Two permanent magnets were
attached on the rotating shaft with the unlike poles
facing each other as shown in Figure. The permanent
magnets rotate at the speed of the vehicle’s
rotational shaft. With the magnetostrictive
amorphous wire placed inside a pick-up coil of 3000 
turns, it was placed 4.5 cm from the rotating shaft.
Ends of the coil were connected to a digital 
oscilloscope for frequency measurement of the output 
pulses. The output of the sensor is a series of voltage
pulses whose frequencies are correlative with the
vehicle’s speed. The voltage pulses are induced in the
wire each time a magnetic pole comes close to the
wire. As the vehicle speed increases, the rotation
speed of the shaft increases and consequently the
measured pulse frequency increases.
The frequency obtained is directly proportional to the
vehicle’s speed and hence is used for vehicle speed
calculation. 

The Magnetostrictive Amorphous Wire
(MAW)  sensor operation is based on Large
Barkhausen Jump, a unique feature of the
wire.



The results of experiment using amorphous
wire sensor and digital oscilloscope to read
the frequency are as follows. In both cases, 
frequency is observed between vehicle speeds
of 20 Km/h and 80 Km/h.
The signal obtained in figures show that
magnetostrictive amorphous wire is not
affected by mechanical vibrations as the
signal obtained is very distinct and stable.



Magnetic tracking system
Research is currently being carried out on magnetic guidance systems for use in 
the automated highway system (AHS). In this system, magnetic markers are fixed
in the road, and magnetic sensors are placed on the car to sense the position of
the markers. By traveling from marker to marker, the car could drive without the
helpof a driver. An array of sensors also looks promising to increase the precision
of driving. The scene of an experiment using the MI sensor and a magnetic marker
is seen in Figure.



The AC circular magnetic field, Hj; generated by 
the driving current flowing through the magnetic 
conductor determines changes of the circular 
component of the magnetization, Mj: The applied 
magnetic field affects the circumferential 
permeability of the magnetic conductor, 
determining modifications of the AC current 
penetration depth, which are closely related to the 
impedance value at a given frequency. |Z| 
(impedance modulus of the magnetic conductor) is 
measured by the so-called four-points method, by 
which a given AC current flows along the magnetic 
conductor and a voltage is picked up at the ends. 
The impedance of the magnetic conductor is 
calculated from the measured voltage, V1, and the 
current value, I, calculated using the voltage 
measurement across an accurately known low value 
resistor, R.



The possibility to use the GMI effect, which occurs in a glass-covered
amorphous microwire, for a biodetection device is based on the microwire
capability to detect the magnetic microparticles settled on and near the
surface. Actually, in a magnetic field, the glass covered amorphous wire
detects the magnetic fields arising from microparticles present on and near
the surface.
In this context, biomolecule detection is possible only if functionalized
magnetic particles can bind to the target biomolecules previously caught
on the sensing element surface.

H



In practice, such target biomolecules which havebeen previously specifically
labeled, are intercepted on the sensing element surface by fixed specific natural 
or artificial bioreceptors such as ssDNA (single stranded DNA), antibodies, 
proteins, enzymes. Thereafter, the functionalized magnetic microparticles (e.g. 
streptavidin magnetic beads) are introduced to mark the formed structures on
the sensing element surface. The magnetic microparticles with high affinity for
target biomolecules (e.g. biotinylated biomolecules) are designed to be attached
to each target biomolecule. Subsequently, under an external magnetic field
influence, the magnetic microparticles, bound to the sensing element active 
surface, will develop a dipole field that will be detected by the GMI sensor. 
Consequently, the amplitude of the sensor impedance will be modified
proportionally with the magnetic microparticle concentration. Therefore, the
target biomolecules will be detected and quantitatively evaluated.



The Matteucci effect is the generation of voltage pulses at the ends of a ferro-
magnetic wire when magnetized axially with an alternating field in the presence
of torsional stress. The Matteucci effect occurs in all ferromagnetic materials but is
particularly strong in amorphous wires and is highly sensitive to the magnetic field
amplitude and frequency, applied stress and torsion, and the wire’s physical dimen-
sions. Fine-tuning one or more of these parameters opens the possibility to optimize
the bending and tensile stress sensitivity for specific bending measurement appli-
cations.

Schematic diagram of bending sensor. Flexible bending sensors.



The output Matteucci voltage increases
with torsion. Figure shows the Matteucci
output measured with an applied 271 MPa 
torsion stress calculated from the twist
angle using the following relationship

where θ is the twisting angle, G is the
shear modulus, r is the radius of the wire, 
and L is the wire length. 

Comparison between sensors with
as-cast, annealed, and twisted-
annealed amorphous wire, twisted
4magnetized in  magnetic field due
to bending angle.



typical Giant Magneto-Impedance (GMI) curve

The experimental setup. The GMI wire was 90 mm in length and excited by an
AC current with a 1 mA amplitude and a 1 MHz frequency. In this figure, the
wire is in a bent position.



Change of |Z(H)| and ΔZ/Z with the bending stress

Representation of bending stress



The GigaHertz spin rotation
(GSR) effect sensor

It is widely accepted that the origin of the GMI eect is related to the skin eect of
magnetically soft conductors. However, for high enough frequencies, the domain walls are 
strongly dampened. In fact, the employment of thinner soft magnetic wires required for
miniaturization of the sensors anddevices requires an extension of the frequency range for
the impedance toward the higher frequencies (GigaHertz (GHz) range). Moreover, GHz
frequency impedance changes induced by external magnetic field have been attributed to
ferromagnetic resonance (FMR). Therefore, spin precession and magnetization rotation on
the surface layer of magnetic wires must be considered when interpreting the impedance
change upon external magnetic field.



Figure shows the typical planed structure of
GSR element, consisting of one glass
coated amorphous wire, two wire electrodes, 
and two coil electrodes with the length of
0.16 mm and width of 0.23 mm.

micro-sized GSR sensor was produced by directly forming micro coils
on the surface of the application-specific integrated circuit (ASIC).



The block diagram and ASIC of electronic circuit for GSR sensor is similar to the
conventional GMI circuit but ASIC used in this research has improvements as 
follows. The pulse generator can generate pulse currents with frequency of 1 
GHz to 3 GHz. The electronic switch can operate at a very small interval of 0.1 
ns between on and o. The adjustment circuit can control the detection timing
from 0 to 4 ns by interval of 0.1 ns. The analog circuit has band width of 500 KHz
and AD converter has 16 bits. The consumption current is about 0.4 mA @ ODR of
5 KHz.

micro-sized GSR sensor was produced by directly forming micro coils
on the surface of the application-specific integrated circuit (ASIC).



relationship between the coil voltage and the magnetic field



Production process to produce GSR element.

Bottom coil pattern on the groove. Top coil pattern on the convex.



Photo of the giant magnetoimpedance 
magnetometer based on the off-diagonal GMI 
effect in Co-rich glass-coated microwire

The similarly to magnetic permeability GMI is a tensor. Consequently microwires 
with a low negative magnetostriction having nearly circular magnetic an anisotropy
present off-diagonal GMI effect. The off-diagonal GMI effect is the appearance
of the electromotive force (EMF) in a pick-up coil wound around a microwire 
when an alternating current frequency f flows through it. The off-diagonal GMI
effect is especially suitable for the creation of a highly sensitive magnetometer, 
since the EMF induced in the pick-up coil is directly proportional to the longitudinal 
component of applied magnetic field.



A photo of the off-diagonal GMI sensors
(left panel) and printed-circuit board
electronics. The PCB electronics size is
20 mm x 80 mm.

Block diagram of the electronics developed
for an offdiagonal GMI magnetometer.



The GMI magnetometer responses 
obtained using different feedback 
resistors R2. In the absence of feedback 
(curve 1) the maximal applied magnetic
field was 3.5mT. The original nearly
linear range of the GMI sensor was
enlarged up to 250mT (curve 3) using the
feedback loop connection with R2¼200V.

The response of the GMI magnetometer
to abrupt magnetic field jumps of 10 
and þ20 nT and its time drift during
1 h. The time drift is approximately 5 
nT h1.
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Experimental technique
magneto-optical Kerr effect (MOKE)

Traditional MOKE

MOKE of cilindrically shaped wires



Experimental technique
Magneto-optical magnetometry and microscopy

magneto-optical Kerr effect (MOKE) microscopy



MOKE experiment



Variety of surface domain structures



Variety of surface domain structures



HAX AC

HCIR GHz

MAGNETIC FIELD DISTRIBUTION

I MHz-GHz
HAX DCmicrowire
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Influence of Magnetic Field of Super High Frequency on 
Hysteretic Properties of Soft Magnetic Microwires



HAX AC
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Hax

HCIR GHz

Hysteresis loop and domain images obtained in the presence of 
electric current of frequency of 0.1 GHz and amplitude of 2 mA. 
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2 GHz frequency and amplitude 
(a) 2 mA; (b) 9 mA, (c) 20 mA;
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High frequency magnetic field influence



Control of helical structure
in magnetic microwires

torsion stresscircular field

axial field+
circular field + torsion stress



Fe71.7B13.4Si11Nb3Ni0.9 (metallic nucleus radius 40 μm, 
glass coating thickness 20 μm) (Fe-rich microwire) and 
Co64,04Fe5,71B15,88Si10,94Cr3.4Ni0,3 (metallic nucleus radius 47 μm, 
glass coating thickness 16 μm) (Co-rich microwire). 

Co-rich microwire Fe-rich microwire

Torsion stress induced helical structure



The stress induced change of the angle α of the 
DW inclination was observed 
(angle α was measured from the axial direction). 

0O

90O



MOKE experiment

Fe71.7B13.4Si11Nb3Ni0.9

d = 103 µm, D = 158 µm

Spiral structure



Three types of domain structure

vertical

spiral
elliptical



The hysteresis loop obtained in Co-rich 
microwire using the analysis of the images 
of the domain structure. The images of the 
domain structures show the selected points 
on the hysteresis loop.

Elliptical structure.
Classic scenario.



Almost vertical structure.
New scenario I.



Spitral structure.
New scenario II.



Spitral structure.
New scenario III.



Simulations. A theoretical analysis of the obtained 
results was performed on the basis of a model 
assuming that, for a magnetostrictive microwire, the 
cylindrical symmetry limits the stress components to 
radial (srr), circumferential (sqq) and axial (szz) 
components (i.e., a different stress along each axis). 
Further, the energy of the magnetic anisotropy is 
equivalent to the barrier energy necessary to rotate a 
local magnetic moment. The magnetic anisotropy 
energy possesses a uniaxial character that is 
equivalent to the cylindrical symmetry of the angular 
dependence of the magnetic moment. That is to say, 
for a local easy axis along the OZ direction, the 
energies needed to rotate the magnetic moment within 
the ZX plane and within the ZY plane are the same. 
The concept of an effective uniaxial anisotropy, Ku, 
considers that the magnetic moment is rotated within 
the plane where the energy cost is lower. Thus, if the 
circumferential, radial and axial magnetic moment 
components value as σqq < σrr < σzz, then 
Ku = (3/2)λ(σzz−σrr), where λ is the magnetostriction
constant. Thus, the energy to rotate the magnetic 
moment in the ZX plane is less than that necessary to 
rotate it in the ZY plane. Micromagnetic modelling 
herein were performed using the MuMax3 simulation 
tool.P. Gawronski, AGH University Krakow, Poland



Calculated spiral domain structure 
obtained for different values of 
the parameter ρ: a) 0.4, b) 0.8.

Calculated spiral domain structure obtained 
for different values of the circular magnetic 
field (DC current): 0, b) 0.1mA, c) 3 mA, 
d) 6 mA, e) magnified image of c). 

Simulations.
Stress and circular field influence.

Ratio ρ between the radius r of the inner core and radius R
of the entire wire. Different values of parameter ρ that 
correspond, according to our model, to different values 

of torsion stress.



3D pictures of the simulated magnetic structure (a) and visualization as a half-tube (b). Calculated cross-sections 
of the inner structure of the microwire at Hz = −1.75 kA/m for varying distance Z from the edge of the microwire of 
(c) 2.3, (d) 3.5, (e) 5.3, and (f) 6.5 µm. The red arrow in (c) shows the spiral domain migration direction inside the
microwire. The colors correspond to a magnetization with +MZ (red) and −MZ (blue) orientations.
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Temperature influence

The images of domain structures 
obtained in the temperature range 

of 25-130 °C.

MOKE hysteresis loops obtained 
in the presence of an HAX
at different temperatures

Temperature stability
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DW

150oC 
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cooling
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23oC 

M

Co64.6Fe5.0B16.0Si11.0Cr3.4

(metallic nucleus radius 37.6 μm, 
glass coating thickness 7.7 μm)

Temperature induced hybrid domain structure



switching of magnetic states
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Schematic picture of the graded magnetic anisotropy appearing as a continuous magnetic 
anisotropy gradient over the microwire length obtained by stress-annealing at variable T 
ann .

Magnetic microwires with longitudinally distributed magnetic properties



Schematic picture of a) magnetic and b) MOKE experiments.
L is the distance from the end of the microwire to the point of measurement

We studied glass-coated microwire with chemical composition of Co64.04Fe5.71B15.88Si10.94Cr3.4Ni0.3 (diameter of metallic nucleus d=94 μm, total diameter with glass covering 
D=126 μm) prepared by Taylor-Ulitovsky technique. The long sample was manufactured to ensure a uniform distribution of magnetic properties along the microwire length. 
The homogeneous microwire was subjected to the annealing at variable temperature to obtain the microwire sample with magnetic properties distributed along the 
microwire length.

EXPERIMENT



Schematic picture of a) magnetic and b) MOKE experiments.
L is the distance from the end of the microwire to the point of measurement

a) Distribution of annealing temperature Tann in sample 1. e)–g): MOKE hysteresis loops corresponding 
to 3 temperature zones in the sample 1. e) 350oC, f) 200oC, g) room temperature. The arrows in Fig. 
2f) show the jump of magnetization. a) Distribution of annealing temperature Tann in sample 2 e)–g): MOKE hysteresis loops corresponding to 3 

temperature zones in the sample 2. e) 350oC, f) 200oC, g) room temperature.
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