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Magnetoimpedance (MI) in amorphous wires is widely used
for the development of various sensors and smart composites
with sensing functionalities. In the case of sensor applications,
MI in off-diagonal configuration has a number of advantages
including linearity, enhanced output voltage sensitivity,
efficient resonance, or differential excitation schemes. In this
article, we discuss the fundamentals of the off-diagonal MI in
amorphous microwires, working principles, and design of
miniature MI magnetic sensors. Considering the electrody-
namic origin of MI, a comparison with orthogonal fluxgates is

1 Introduction The magnetoimpedance (MI) in soft
magnetic conductors demonstrating a very high sensitivity
over a wide range of operating frequencies has been recently
employed for the development of miniature sensors to detect
extremely low magnetic fields, for example, the fields
generated by electrical processes of the human heart
(MCQG [1, 2]). The MI effect includes an enormous change
in the high frequency voltage across a magnetic conductor
caused by the application of low magnetic fields in the range
of few Oersted. In this respect, it can be compared with giant
magnetoresistance but high operating frequencies require
completely different MI sensor construction. It appears that
a simple scheme of measuring the voltage across the MI
material involves a number of difficulties associated with
nonlinear MI characteristics and relatively low output
voltage sensitivity. This scheme, however, is successfully
used with thin-film MI materials combined with permanent
magnetic layers to shift the operating field point [3-5].
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made with the purpose to suggest improvements in MI sensor
design. This includes multi-wire configuration and suppression
of the voltage offset caused by magnetic anisotropy helicity.
New results on the heating effects reveal that the temperature
stability along with sensitivity may be enhanced by annealing.
The paper focus is aimed to demonstrate that the off-diagonal
MI sensors have a high potential for improvements in terms of
output voltage sensitivity, magnetic field resolution and
temperature stability.
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Considering the electrodynamic origin of MI, it can be
compared with fluxgates. Usually, fluxgates are divided into
two types: parallel and orthogonal, which reflects the mutual
directions of the excitation and sensed magnetic fields [6, 7].
They are based on a similar working principle of the
periodical magnetization of the core in opposite directions
with the driving magnetic field. The sensed field changes the
periodicity of the process leading to the generation of even
harmonics in the detection signal. The MI is also classified
into two categories: diagonal and off-diagonal, which is
related to the full surface impedance tensor [8, 9] and the
energy consumption in a magnetic conductor under various
conditions. The diagonal MI components correspond to the
orthogonal direction between the excitation magnetic field
and generated electric field, and the off-diagonal compo-
nents correspond to the parallel direction between these
fields. The off-diagonal MI components only occur in
magnetic materials characterized by a permeability tensor.
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S IQ IQ°
A i 3
< wn

342

L. V. Panina et al.: Off-diagonal magnetoimpedance in amorphous microwires

Both fluxgate types can be included in the impedance tensor
approach, especially when they operate in the fundamental
mode. This paper draws attention on the off-diagonal MI
and its advantages for sensor applications, which can be
directly compared with the orthogonal fluxgate.

It is interesting to note that the orthogonal fluxgate was
proposed with the purpose to simplify the sensor construction
as the excitation coil is not needed in this case. The off-
diagonal MI needs a detection coil (or excitation coil) so its
construction is more complicated than that for the longitudinal
diagonal MI when the voltage generated by the passing current
is measured across the material. Yet, the off-diagonal
configuration for sensing application is preferable because
of anumber of reasons. Firstly, it may provide a linear vectorial
response [10-12]. A high frequency current flowing in
materials with a helical static magnetization induces both
circumferential and longitudinal ac magnetizations. The time-
varying longitudinal magnetization generates a voltage in the
coil which is used as the output in off-diagonal MI sensors. The
application of an external longitudinal field (sensed field)
changes the helical magnetization and the coil voltage. When
the sensed field is reversed, the phase of the coil voltage with
respect to the excitation current is shifted by 7 rad so positive
and negative fields could be distinguished. Secondly, the off-
diagonal MI offers the means to increase the output voltage
sensitivity, which is important for improving the noise
characteristics [13—15]. Currently, the MI sensor resolution
is limited by the electronic noise which is considerably higher
than the intrinsic noise of MI materials in a single domain
state [16]. Therefore, the MI sensor resolution can be improved
by increasing the voltage sensitivity up to a level when the two
noise sources are comparable.

The other advantages of the off-diagonal MI sensor
scheme based on amorphous glass coated microwires are
also considered here, which include the compensation of the
offset voltage due to the deviation of the anisotropy from a
circumferential direction, optimized excitation methods,
multi-wire heads, and temperature stabilization.

A practical off-diagonal MI sensor circuit which is
recently commercialized [17] is based on pulse-current
excitation. The rise/fall time of the excitation pulses can be
made very small with the characteristic frequencies up to
GHz. The pulse excitation also includes a dc component
which is needed to eliminate the circular domain structure
and realize a helical magnetization in the presence of the
sensed field. A simple open-loop sensor circuit designed for
geomagnetic field detection has a resolution of 160 nT for a
dynamic range of +1.2mT [18]. The sensor also has ultra-
low power consumption (150 wA) owing to the pulse
excitation. For more sophisticated gradiometer configura-
tion, the equivalent magnetic noise of 1pT/Hz’> for
frequencies between 20 and 40 Hz was recently achieved
without any shielding [19]. The potential of applications in
bio-medical field was demonstrated by measuring magneto-
encephalogram (MEG) with the field resolution of 50 pT.

In another approach, a harmonic excitation at resonance
conditions in combination with an optimized dc bias current
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and detection electronics is proposed. The equivalent
magnetic noise down to 560 fT/Hz’> was achieved in the
white noise region for frequencies 1-10kHz [20]. However,
for both approaches there is significant 1/f noise, but the
limiting frequency when this behavior is observed is much
higher for harmonic excitation schemes. Yet, the white noise
level is still limited by the electronic conditioning, implying
that further improvements in sensor design are possible.

2 Principles of off-diagonal Ml sensors The off-
diagonal MI involves a cross-magnetization process when a
high frequency current passing through a ferromagnetic
material induces circumferential and longitudinal magnet-
izations. The occurrence of the longitudinal magnetization
requires the existence of the off-diagonal component of the
permeability tensor i, were @,z corresponds to the
circumferential and axial directions, respectively. The ac
longitudinal magnetization generates a voltage in the coil
which is used as the output in off-diagonal MI sensor. A
sensitive off-diagonal MI was realized in amorphous wires
with circular or helical anisotropy [10, 11, 21, 22], in ribbons
with in-plane anisotropy induced by annealing or field
quenching [12, 23, 24], and in multilayers with spiral
anisotropy [25].

In order to obtain a non-zero Mg, cOmponent, the static
magnetization needs to be helical. This is realized in systems
with a helical magnetic anisotropy induced, for example, by
torque-annealing [22] and is used in inverse Wiedemann
effect elements [26, 27]. In the case of a circumferential
anisotropy, the application of a dc bias current is needed.
In the presence of the axial-sensed magnetic field Hx
the magnetization follows a helical pass around it until
reaching the saturation. For practical applications, the
second method of inducing the helical magnetization is
preferable because of a linear response around zero Hey.
Although the dc current requires additional power
consumption it eliminates the domain structure, thus
improving the noise performance.

Typically, the off-diagonal voltage response is under-
stood as a voltage generated in the coil mounted on the MI
element (such as a ferromagnetic wire) carrying a high
frequency current iy as shown in Fig. 1a. The coil voltage V.,
is defined as

Ve = e, 2maN. (1)

Here, e, is the circular electric field at the wire surface, ais
the wire radius, and N is the number of detection coil turns.
The field e, is expressed through the wire current iy, using the
relationship between the tangential components of electric
e= (ez, e(p) and magnetic h = (hz, h(p) fields at the wire
surface: e =G(h X r), where G is the surface impedance
tensor, r is the unit radial vector directed inside the wire and
z-axis is along the wire. Then, Eq. (1) is written as

4nN .
VC = 7g(pzlw. (2)
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In Eq. (2), c is the velocity of light (Gaussian units are
used). Therefore, the coil voltage is defined by the off-
diagonal component of the surface impedance tensor. The
other off-diagonal configuration utilizes the wire voltage
induced by the coil current as shown in Fig. 1b.

- ! Czples (3)

N, is the number of turns in the excitation coil. The
voltage responses defined by Eqs. (2) and (3) are referred to as
off-diagonal MI as they are proportional to the off-diagonal
components of the surface impedance tensor ¢,, = ¢,,. At
high frequencies and low excitation fields the ac permeability
tensor is defined by a small precession of the magnetization
around its static direction resulting in non-zero .. A similar
working principle is realized in the orthogonal fluxgates
operating in a fundamental mode when the magnetization
oscillates around saturation without changing polarity.

Equations (2) and (3) describe pure off-diagonal
excitation/detection schemes. They can be also used
together with the diagonal schemes of inducing the wire
voltage by the passing current or the coil voltage by the coil
current. In general, we can introduce the impedance
matrix [11] which relates the voltage vector V and the
current vector I according to

. Vy i
V=2i, V= Q= :
Ve io

21 4N,
R —GCz - gw
5 _ ca i c (4)
47N 81NN,
PR PR

In Eq. 4), ¢,; and ¢, are diagonal components of the
surface impedance tensor. This generalized approach based
on the impedance tensor is useful to describe various
excitation/detection schemes. The diagonal component Z_,
determines a usual MI voltage, Z,, corresponds to a
parallel fluxgate. Equation (4) also contains a mixed
excitation, for example, the wire voltage can be induced by
the combination of iy,i.. This could be of interest for
producing asymmetric voltage response without use of a dc
bias [28, 29].

WwWw.pss-a.com

Figure 1 Off-diagonal MI configurations. In
(a) the voltage in the coil is generated by the
wire current; in (b) the voltage across the wire
is generated by the coil current.

A detailed analysis of the surface impedance ¢ valid at
arbitrary frequencies can be found in [8, 9]. Here we
will give the high frequency approximation for the
impedance tensor of a single domain wire when the skin-
effect is strong

w Toercos26 + sin®0
8o (‘//Lef - l)cosesiHG

In Eq. (5), j is the imaginary unit, w is the angular
frequency of the electromagnetic field, . is the
permeability parameter composed of the components of
the rotational permeability tensor, and 6 is the angle between
the static magnetization and the wire axis. Equation (5)
demonstrates that the magnetic field dependence of ¢ is
related to the field behavior of the dynamic permeability . ¢
and static magnetization angle 6. In the case of a
circumferential anisotropy, the external field H¢x applied
along the wire rotates the magnetization toward the axis and
to a great extent this process determines the sensitivity of ¢
in the field region |He| < Hk, where Hy is the effective
anisotropy field. It is also clear that the diagonal components
do not depend on the magnetization polarity, whereas the
off-diagonal components change the sign if the magnetiza-
tion is reversed (say, by Hey). In the case of a circumferential
anisotropy, gw(g‘pz) dependence on Hy is almost linear in
the field range |Hex| < Hx/2. Therefore, the off-diagonal
impedance can be used in a linear vectorial sensor. If
the wire has an ideal circular domain structure, the off-
diagonal surface impedance in the domains with opposite
polarities in the circular direction has opposite signs,
therefore, the averaged off-diagonal response over
domains is null. The circular domain structure should be
removed by applying a dc bias current producing a circular
bias field Hy.

In practice, the anisotropy has some deviations from the
circular direction which can give rise to an output voltage
for a zero Hex. Figure 2 shows the theoretical off-diagonal
impedance plots Zqss versus Hex for wires with a slightly
helical anisotropy and different bias fields. The real and
imaginary parts of Z, go through zero and change signs at
some negative value of H.x having almost linear behavior
near this field. With increasing the bias field the sensitivity
drops. The offset impedance can be compensated by using
positive and negative dc bias currents. This is illustrated in
Fig. 3. When H. = 0, the magnetization has angles 6 and

c=01-))

(\/;,L_et — 1)c0595in9>. (5)

Tersin®6 + cos?6
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Abs(Zoff)

wopkeo  2off Hb/Hk=0.7 LA Figure 2 Field plots of the off-diagonal

b magnetoimpedance in single-domain wires with

Im(Zoff) wel a helical anisotropy having an angle of 82° with

1 2 3

respect to the wire axis at a frequency of 10 MHz.
In (a) real and imaginary parts for a bias field
Hy/Hg = 0.7.1In(b) the magnitude for different
bias fields (Hy /Hx = 0.7, 1, 1.5). The imped-
ance is normalized on the maximum value of the
real part at Hy, /Hy = 0.7. The other parameters
are: saturation magnetization — 500G, aniso-

0 = —m + 6 with respect to the z-axis, for positive and
negative dc bias, respectively, so cos 8sin 6 does not change.
In the presence of Hex, the characteristics are reversed (with
respect to the offset level). Therefore, subtracting the off-
diagonal voltages for positive and negative bias the offset
will be canceled. A practical technique to suppress the offset
due to anisotropy helicity was proposed for orthogonal
fluxgates [30]. The bias was inverted periodically at a
frequency much lower than the excitation frequency. To
avoid the effect of bias reversing on the noise, the periods
before and after the transition could be excluded either
digitally [31] or analogously [32] using a fast solid state
switch.

3 Experimental methods for off-diagonal
MI A most appropriate way to measure the surface
impedance at high frequencies is with the help of two-
port Vector Network Analyzer configured for S-parameter
measurements [33, 34]. For example, forward transmission
S21 = Vin/Vou can be used where V;, is the excitation
sinusoidal signal from Port 1 and V, is the output signal
measured in Port 2. In the case of the off-diagonal
component, the ac excitation current i, is set by Vi,
whereas V, is equal to V., so the S,;-parameter is directly
proportional to Zfr or ¢, Note that S>;-parameter includes
both the normalized amplitude |Vi,/Vou| and phase shift
Arg(Vin/Vou) with respect to the excitation signal. Within
this method, the excitation signal can be made very small
producing a wire current in the range of mA to exclude
nonlinear magnetization dynamics. Larger excitation

z 91 *¢
M™ dp

Figure 3 Tllustration of the method of canceling the offset voltage.
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tropy field Hx = 2.5 Oe, conductivity 100 (),
the wire radius a = 10 pm.

Hex/ Hék

currents may be used in practical sensor design for
generation of the second harmonic signal [35].

The measured sample is placed onto an open-type cell as
shown in Fig. 4 made of copper-coated fiberglass printed
circuit board (PCB). The connection stripes have a geometry
providing the wave impedance in the order of 50 () over a
wide frequency range. A wire element (of about 10 mm
long) soldered or bonded to the cell is excited by the
sinusoidal input voltage V;,. The output voltage V is taken
from a tiny coil. The S,;-parameter is measured as a function
of the external magnetic field Hx applied along the wire
with the help of a solenoid or a Helmholtz coils.

The complex-valued S, (Hex) as a measure of the off-
diagonal impedance is shown in Fig. 5 at a fixed frequency
of 100 MHz for different bias currents using a CoFeSiB
amorphous wire with well-defined circumferential anisot-
ropy. The signal is very small if no dc bias is applied and
increases sharply with increasing [I,. Typically, the
coercivity in amorphous wires with nearly zero magneto-
striction is about a fraction of Oe and applying a small
current of few mA (2.5 mA in Fig. 5) should magnetize the
wire in the circular direction. With increasing I, the
magnetic hardness in the circular direction also increases

R

® -I ®

V. C Coil V
IR out

"

® ®

- —

Iy, MI sample

Figure 4 Electric circuit of the cell for the off-diagonal
impedance measurement. Blocking capacitor (C) is needed to
cut the dc current flow to the analyzer ports. Terminal resistors are
required for normalizing input/output impedance of the measured
elements.
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0.10 - Figure 6 Pulse excitation signal (a) and off-diagonal output (b).
The time of pulse rise (drop) is about 20 ns, which corresponds to a
’:.: 0.05 1 o characteristic frequency of 50 MHz.
&' 000 == ==
g 08 | and polarity also allowing the vectorial measurement
’ (amplitude and sign) of the external magnetic field.
-0.10 | This output is rectified by a circuit containing a digital
015 switch and an integrating chain to obtain a smooth quasi-dc
(b) signal which is proportional to the pulse amplitude and
-0.20 multiplied by the polarity as shown in Fig. 7.
-20 -10 0 10 20

Hex, [Oe]

Figure 5 Off diagonal impedance represented by S,,-parameter
for different dc bias currents for a wire of CoggosFes 3.
Nij 44B 1220511556 composition with a total diameter of 22 pm
and the metal core diameter of 19.6 pm.

and the sensitivity of the off-diagonal response is expected
to drop. However, in the low field region the sensitivity
almost does not change with increasing I, but the maximum
of S,; continuous to increase. This trend is not seen in the
theoretical plots of Fig. 2 obtained for a single domain state
and suggests that the surface regions of the wire may need
stronger dc bias to provide a uniform circular magnetization.
The real and imaginary parts of the off-diagonal component
change sign when H¢ is reversed having almost a linear
region between the two peaks. The field interval of the linear
behavior increases with increasing I, and constitutes about
+2 Oe for I, =30mA.

A pulse current excitation of the wire supplied by C-
MOS IC multivibrator or a microcontroller is often used in
off-diagonal MI sensors [36—-38], which provides both high
frequency and dc currents to the wire. Figure 6 shows the
output signals when the wire is excited by a square pulse
train with a small rise (fall) times. In the presence of the
external field, the output signal has two sharp pulses of
different polarity which changes if the field is reversed. In
this case, the output is characterized by the pulse amplitude

WwWw.pss-a.com

The off-diagonal sensor sensitivity can be increased by
increasing the number of the detection coil turns and the
excitation frequency. However, the detection circuit has a
parasitic capacitance and represents RLC circuit with
intrinsic resonance frequency. The excitation at the
resonance frequency results in the maximum of the output
voltage and voltage sensitivity. Therefore, the number of
turns and the excitation frequency should be balanced with
respect to the resonance conditions and the intrinsic
impedance sensitivity. In this respect, a harmonic excitation
with a dc bias current can have advantages as all the

200

- Off-diagonal response

100 4

50 1

v, (mV)
S

-50 A1
-100 4

-150 -

-200 . . . . ,
-15 -10 -5 0 5 10 15
Hey (O€)

Figure 7 Rectified and amplified output obtained after pulse

excitation of amorphous microwire having off-diagonal character-
istics shown in Fig. 5.
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Figure 8 Frequency characteristic of the output signal from the
coil when the wire is excited by a sinusoidal current. The wire
being 8 mm long had a composition of Coggo4Fes g3Nij 44B11.57-
Si1450MoO; g9, the metal core diameter was 40 um, the total
diameter was 46 wm. The detection coil had 55 turns of 40 wm
diameter Cu wire mounted directly on the wire. The axial magnetic
field was 1 Oe and a dc bias current was 7.7 mA.

parameters influencing the voltage sensitivity can be easier
adjusted. Figure 8 shows the output voltage amplitude
versus excitation frequency for the off-diagonal MI wire
element, which demonstrates a sharp peak occurring at the
LC-resonance frequency of the detection circuit. The
optimization of the operational frequencies in the orthogo-
nal fluxgates was also considered to improve the sensitivity
and signal-to-noise ratio [39].

There is one more off-diagonal configuration as
described by Eq. (3), when the magnetic wire is excited
by a high-frequency magnetic field produced by the coil
mounted on the wire and the voltage signal is measured
across the wire. This off-diagonal configuration may not be
preferable as the coil self-inductance limits the generated
magnetic field at high frequencies.

4 Multi-wire configuration of the off-diagonal
MI Recently, there is an attempt to tailor the MI response by
utilizing a number of magnetic wires by means of their
magneto dipole interaction [40-42]. In the case of off-
diagonal MI, the configuration is similar to the multicore
orthogonal fluxgate having n-wires connected in
parallel [43-45]. Each wire is excited by a current of the
same amplitude and frequency. Originally, this was
proposed in order to enlarge the cross-sectional area and
to increase proportionally the output voltage. However, in
orthogonal fluxgates it was found that the sensitivity may
increase exponentially when n > 4: a sensitivity of 16-wire
core is 65 times higher than the sensitivity of a single wire.
Such enhancement occurs when the wires are packed close
together so it was assumed that the magnetic dipole
interaction was responsible for this. Later, it was proven that
the main cause of the anomalous sensitivity increase is the
improvement of the quality factor of the tuning circuit [46].
The noise is also lower for multicore configuration with
closely spaced wires.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

We propose a multi-wire approach in attempt to
improve the output voltage sensitivity of the off-diagonal
MI and to increase the dynamic range. For miniature sensors
and high frequency excitation, the use of a large number of
wires is not of interest so the off-diagonal response of two-
and three-wire core was investigated. The dc hysteresis
loops for a single wire and two closely spaced wires (glass-
coated wires were used so the separation between the wires
equals the glass coating) are shown in Fig. 9. The loops are
almost linear with the saturation at the anisotropy field
which is typical of a circumferential anisotropy. The
magnetization slope is decreased for a wire-pair in
comparison with that for a single wire and the effective
anisotropy field increases to 120 Am ™' from 75 Am ™' fora
single wire. This clearly demonstrates the effect of the
magnetostatic interaction between the wires due to the stray
fields which is more pronounced at higher fields when the
longitudinal magnetization is increased.

The off-diagonal MI response of a wire-pair was
compared with that of a single wire. The sensor head with
two wires is shown in Fig. 10. The head is excited by the
same total current iy, + I, as in the case of a single wire (so in
the wire-pair head each wire carries a current (iy + Iy)/2).
In Fig. 11, the responses from single- and two-wire heads
are given. The voltage peak of a single-wire head seen in
Fig. 11 is lower in comparison with that given in Fig. 8. In
this experiment, the wire of different alloy composition and
diameter was used, so the excitation frequency was not
optimal. It is seen that the sensitivity is a little lower for the
wire-pair because of the stray field influence (the sensitivity
increase due to larger amount of magnetic material is
excluded when using the same iy,). There is an increase in
the full scale range and maximum of the output voltage. This
behavior is similar to the effect of bias current increase
(compare with Fig. 5) or using the detection coil for
feedback [15]. When three wires are used with similar
excitation conditions, the sensitivity drops noticeably due to

1.0
0.5
EU’)
S o0
=
-0.5
-1.01
-150 -100 -50 0 50 100 150
H, A/m

Figure 9 Hysteresis loops of single (1, black curve) and two (2,
red curve) glass-coated Cog;Fes 9NijsBij5Sij4sMoge micro-
wires. The metal core diameter was 29.2 yum, the total diameter
was 31 pm.
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Figure 10 Schematics of two-wire off-diagonal sensor head. The
wires are electrically connected in parallel at their ends and the
detection coil is mounted directly on the wires.

800
700
600
500
400

wire head

1 wire head

Output signal, mV

Field, Oe

T 1

-4 -2 0 2 4

Figure 11 Output signal amplitude versus magnetic field of the
off-diagonal MI heads with single wire and two-wire cores. The
excitation voltage included a dc component which generated a total
dc current of 7.7 mA. The excitation frequency was 20 MHz. The
wire parameters are the same as for Fig. 9.

stronger interaction between the wires. However, the
sensitivity could be tuned by changing the dc bias in each
wire. So the multi-wire MI head could be advantageous to
increase the voltage sensitivity and dynamic range. The
noise characteristics are expected to be improved as the
random noise is proportional to /7.

5 Temperature effects on the off-diagonal Mi
response with glass-coated wires In amorphous
microwires the magnetic structure and MI effect may show
considerable temperature variations in the working range of
—20 to 80 °C, although these temperatures are well below
the Curie temperature [47, 48]. Up to present, there are very
limited investigations of the temperature dependence of MI
in glass-coated microwires. This section discusses the
variations of the off-diagonal impedance with temperature
cycles and the methods of temperature stability improve-
ment, which is crucial for commercial use of MI sensors.

The MI sensitivity strongly depends on the effective
anisotropy, which is of a magnetoelastic origin in
amorphous wires. The internal stress occurs in the process

WwWw.pss-a.com

of rapid solidification and is quite different in wires with
different ratios of the metal core to the glass thickness [49].
This can be caused by the difference in thermal expansion
coefficients of glass and metal. When a microwire is heated
the residual stress is partially released changing the effective
anisotropy. In a recent work [48], it was demonstrated that
heating to a moderate temperatures 60—100 °C changes the
angle of a surface helical anisotropy in near-zero
magnetostrictive wires. Altering the anisotropy inevitably
will lead to the temperature dependence of MI.

Figure 12 shows the plots of the off-diagonal MI
response and the average sensitivity for different temper-
atures: during heating the sensitivity increases with
temperature until 60 °C and starts to fall as the temperature
if further increased. The drop in the sensitivity, output peak
value, and peak magnetic field at higher temperatures should

Output voltage, mV
450

400

350

-+ Room
temperature
- 60 °C
-= 100 °C
0 a)
4 2 0 2 4
Magnetic field, Oe
310,00
o 290,00
'9-. 270,00
>
£ 250,00
£ 230,00 - ~e=Heatihg
> ’ 5
£ 210,00 - Cooling
w
$ 190,00
(%]
170,00 -
150,00 - b)
0 40 80 120

Temperature, °C

Figure 12 In (a) output voltage versus magnetic field of the off-
diagonal MI sensor for different temperatures during heating and in
(b) average sensitivity defined in the field range 1.5 Oe during
heating—cooling cycle. The wire of composition Cog;Fes ;.
Nij 46B11.65114.6M01 g0 With metal core diameter of 36 um and
total diameter of 42 wm was used. The excitation frequency was
20 MHz and the dc bias current was 14.4 mA.
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be related with larger anisotropy distribution due to non-
uniform stress relaxation at the glass-metal interface. There
are also large variations with temperature in the sensor
output at higher fields. Upon cooling down to room
temperature, the MI characteristics are not repeatable,
revealing irreversible change in the internal stress distribu-
tion. The MI sensitivity as a function of temperature along
the heating—cooling cycle is shown in Fig. 12b. It is seen that
after heating, the temperature dependence of MI becomes
weaker. This behavior suggests that proper heat treatments
may improve the temperature stability of MI.

It is known that various annealing regimes may
considerably change the magnetic structure of glass-coated
wires [50, 51]. Joule annealing typically improves the
magnetic softness and increases the MI sensitivity.
Annealing by heating can be easily applied to the entire
MI sensing head without changing its circuitry, so this
technique is attractive for device applications. We have
demonstrated that annealing of the whole off-diagonal MI
sensor head integrated into the detection circuit helps to
improve both the sensitivity and temperature stability. The
annealing regime should be chosen depending on the wire
composition and geometry. Figure 13 shows the plots of the
coil voltage amplitude versus magnetic field before and after
annealing at different temperatures during a short time of
2-3 min. Annealing at moderate temperatures increases the
MI sensitivity due to a partial stress release. However,
higher annealing temperatures (higher than 160 °C for Co-
rich amorphous wires with relatively thin glass coating)
result in substantial drop in sensitivity. This can be related
with irregularities of the internal stress distribution due to
the relaxation processes of amorphous structure at higher

Output signal, mV

-4 -2 0 2 4
Field, Oe

Figure 13 Output voltage of the off-diagonal MI after annealing
the sensor head at different temperatures during 2-3 min. The wire
of Composition CO66>94F€3'83N11'44B]]'57Si14'59MO]'69 with metal
core diameter of 40 wm and total diameter of 46 pm is used. The
excitation frequency was 20 MHz and the dc bias current was
14.4mA.
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temperatures, which leads to greater anisotropy distribution
and broader MI characteristics.

After annealing, the whole off-diagonal MI sensing
head, the temperature stability is improved. Optimal
annealing stabilizes the sensor output in a certain magnetic
field range, where the sensitivity changes less than few
percent. Thus, the sensitivity of MI sensor head with the
characteristics shown in Fig. 13, changes within 2-3% for
temperatures up to 90 °C in the field range of +0.7 Oe. For
higher fields, the temperature effect is greater: the maximum
of the voltage amplitude decreases with temperature by
about 10%. Nevertheless, we demonstrated the efficiency of
the heat treatments to improve the temperature stability. The
detailed investigation of the temperature effects on MI will
be published elsewhere.

6 Conclusions This article discusses the off-diagonal
magnetoimpedance (MI) in amorphous microwires includ-
ing the physical mechanisms, methods of measurements,
and operational principles of high-sensitivity magnetic field
sensors utilizing this effect. A comparison with orthogonal
fluxgates operating at fundamental mode is made demon-
strating similarities and differences. This comparison also
suggests some improvements in off-diagonal MI sensor
design, such as multiwire configuration, suppression of the
voltage offset due to anisotropy helicity, resonance detection
circuits. We also discuss new results on temperature effect on
MI and annealing as methods to improve both the sensitivity
and temperature stability. The main conclusion of the
presented analysis is that the off-diagonal MI sensors which
already have a pT resolution in the white noise region have a
high potential for improvements in terms of sensitivity,
temperature stability, and spatial resolution.
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