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Abstract: The influence of Joule heating on magnetic properties, giant magnetoimpedance (GMI)
effect and domain wall (DW) dynamics of Fe75B9Si12C4 glass-coated microwires was studied. A
remarkable (up to an order of magnitude) increase in GMI ratio is observed in Joule heated samples
in the frequency range from 10 MHz to 1 GHz. In particular, an increase in GMI ratio, from 10% up
to 140% at 200 MHz is observed in Joule heated samples. Hysteresis loops of annealed samples
maintain a rectangular shape, while a slight decrease in coercivity from 93 A/m to 77 A/m, after
treatment, is observed. On the other hand, a modification of MOKE hysteresis loops is observed upon
Joule heating. Additionally, an improvement in DW dynamics after Joule heating is documented,
achieving DW propagation velocities of up to 700 m/s. GMI ratio improvement along with the
change in MOKE loops and DW dynamics improvement have been discussed considering magnetic
anisotropy induced by Oersted magnetic fields in the surface layer during Joule heating and internal
stress relaxation. A substantial GMI ratio improvement observed in Fe-rich Joule-heated microwires
with a rectangular hysteresis loop and fast DW propagation, together with the fact that Fe is a more
common and less expensive metal than Co, make them suitable for use in magnetic sensors.

Keywords: magnetic microwires; magnetic anisotropy; joule heating; giant magnetoimpedance;
domain wall propagation; hysteresis loop

1. Introduction

Soft magnetic materials play an increasing role in various technological applications [1–5].
One of the most relevant applications of soft magnetic materials involves the development
of high performance magnetic sensors, magnetometers and devices [2–8]. A combina-
tion of magnetic softness with good physical properties (mechanical properties, corrosion
resistance, biocompatibility) and low cost are other relevant features for industrial applica-
tions [9–12].

Amorphous materials prepared by rapid melt quenching can present one of the most
favorable combinations of excellent magnetic softness together with good mechanical, cor-
rosion properties and variable geometry [3–14]. These properties of amorphous materials
are intrinsically related to their glassy-like structure.

One of the parameters affecting the magnetic softness of amorphous materials is the
magnetostriction coefficient, λs: vanishing λs is one of the conditions for the magnetic soft-
ness optimization [15]. The main route for λs tuning is determined by the appropriate selec-
tion of the chemical composition [15]: vanishing λs-values can be obtained either in Co-rich
amorphous materials in Co1−xFex or CoxMn1−x systems for 0.03 ≤ x ≤ 0.08 or in Ni- rich
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FexNi1−x amorphous materials for x ≈ 0.1 [15–18]. Most attention is paid to Co-rich amor-
phous materials, since Ni-rich amorphous alloys show low saturation magnetization [15].

Magnetic softness is linked to the giant magnetoimpedance (GMI) effect, consisting
of an impedance dependence on the applied magnetic field [19–22]. The main features
of the GMI effect are satisfactorily explained in terms of electrodynamics considering the
magnetic field dependence of skin depth, δ, in a soft magnetic conductor [19–22]. High
magnetic permeability, typically observed in amorphous materials with vanishing λs, is
one of the pre-requisites for bigger GMI effect [19–22].

One of the most prospective materials is soft magnetic wire: GMI effect has been first
reported in crystalline permalloy wire with high permeability [23] and rediscovered in 90-s
in amorphous Co-rich wires with nearly-zero λs [19,20].

In magnetic wires with high circumferential magnetic permeability, µφ, the depen-
dence of the skin depth, δ, on applied magnetic field, H, is given as [19–22]:

δ =
1√

πσ µϕ f
(1)

where σ is the electrical conductivity and f —the AC current frequency.
Usually the GMI effect is expressed in terms of the GMI ratio, ∆Z/Z, defined as [19–22]:

∆Z/Z = [Z (H) − Z (Hmax)]/Z (Hmax)] × 100 (2)

where Hmax is the maximum applied DC magnetic field (as a rule below a few kA/m).
The highest GMI ratio (up to 650%) with magnetic field sensitivities up to 10%/A/m

is reported in properly processed amorphous wires [21,24–26].
Such excellent features of GMI effect realized in amorphous wires have been employed

for development of a number of high-performance magnetic sensors suitable for various
technological applications [8,27–30].

However, Co belongs to the list of critical elements [31]. Therefore, search for routes
allowing improvement of magnetic softness of less-expensive Fe-rich amorphous materials
attract a certain attention [32–34].

It is worth mentioning that magnetic wires can present other unusual magnetic prop-
erties, such as spontaneous magnetic bistability associated with magnetization reversal
through a large and single Barkhausen jump [35–38]. A demagnetized state in such mag-
netically bistable amorphous wires cannot be achieved and fast magnetization switching
between two states with remanent magnetization runs through a single domain wall (DW)
propagation [36–40]. The DW velocity, v, in such magnetically bistable amorphous wires
can reach values above 1 km/s, making them attractive for spintronic applications [41,42].

There are several preparation methods involving rapid melt quenching suitable for
the fabrication of magnetic wires with amorphous structure, such as in-rotating water, melt-
extraction and Taylor–Ulitovsky methods [37,43–46]. The latter allows preparation of long
(up to 10 km) amorphous microwires with the most extended diameters range (from 0.2 to
100 µm continuous microwires), covered with an insulating, flexible and biocompatible
glass coating [46–49]. Excellent magnetic softness and high GMI effect have been reported
in Co-rich microwires [25,26]. Consequently, several high-performance devices, techniques
and sensors have been developed utilizing glass-coated magnetic microwires [50–56].

Outstanding magnetic properties of as-prepared amorphous microwires are fur-
ther improved by appropriate postprocessing including different types of thermal
treatments [25,26,57–60]. Thus, magnetic softness, GMI ratio and even DW dynamics of Fe
and Co-rich microwires can be substantially improved by stress-annealing [57–59,61–66].
However, conventional furnace annealing is not efficient enough even for Co-rich mi-
crowires: the hysteresis loops of annealed Co-rich microwires turn into rectangular ones [45,67],
while the rectangular loops character of Fe-rich microwires remains after conventional an-
nealing [68–70]. On the other hand, there is a substantial improvement in DW dynamics (in-
crease in DW velocity and DW mobility) in Fe-rich microwires after conventional annealing,



Sensors 2022, 22, 1053 3 of 15

achieving DW velocities of up to ~2.4 km/s [39,71]. Additionally, even higher DW dynam-
ics improvement in stress-annealed Fe-rich microwires, up to ~3 km/s, has been attributed
to the transverse character of the stress-annealing induced magnetic anisotropy [39,71,72].

On the other hand, Joule heating is an alternative technique that allowed considerable
GMI ratio improvement of Co-rich microwires [25,26,66,67]. Joule heating is a fairly simple
and convenient method for annealing amorphous materials. The beneficial influence of
Joule heating is explained by sample heating itself as well as by circumferential Oersted
magnetic field [25,67]. Although the beneficial effect of Joule heating on GMI effect of Co-
rich microwires is demonstrated in several publications, the applicability of Joule heating
for GMI effect and DW dynamics optimization in Fe-rich microwires has not been reported.

Consequently, in this paper we report the effect of Joule heating on magnetic properties
and GMI effect of Fe75B9Si12C4 microwires.

2. Materials and Methods

The studied Fe75B9Si12C4 (inner metallic nucleus diameter d = 15.2 µm, total mi-
crowire diameter D = 17.2 µm) glass-coated microwires have been prepared using the
Taylor–Ulitovsky technique, involving rapid melt quenching of metallic alloys covered by
an insulating glass shell. As-prepared, annealed and stress-annealed microwires with said
chemical composition and dimensions have already been studied in some of our previous
works [34,35,57–59]. Therefore, we have continued their study with the aim to evaluate
the influence of Joule heating on magnetic properties, GMI effect and domain wall dynam-
ics and compare with the same properties of as-prepared, annealed and stress-annealed
Fe75B9Si12C4 microwires. Details of the preparation technique are described elsewhere [46].

Hysteresis loops of as-prepared and annealed microwires were measured by the
fluxmetric method previously described elsewhere [63]. An axial magnetic field, H, is
generated by 120 mm long and thin (8 mm in diameter) solenoid. Such long, thin solenoid
creates a rather homogeneous magnetic field along the axis in a long enough area inside
it [38]. The magnetic field homogeneity was checked using the GM05 Gaussmeter and
probe (Hirst Magnetic Instruments Ltd., Falmouth, UK). Hysteresis loops are represented
as the normalized magnetization, M/Mo (where Mo is the magnetic moment of the sample
at the maximum magnetic field amplitude, Ho), versus the magnetic field, H.

The DW dynamics has been studied with a modified Sixtus Tonks set-up described
elsewhere [39]. Studied microwire samples (10 cm long, the same used for measurement of
hysteresis loops) were placed coaxially inside of three pick-up coils. Magnetic field was
generated by a 140 mm long solenoid (10 mm in diameter) producing rather homogeneous
axial magnetic field in a long enough area inside it [38]. As in the case of the fluxmetric
method, the magnetic field homogeneity was checked using the GM05 Gaussmeter and
probe. The DW travelling along the sample induces an electromotive force (EMF) in the
pick-up coils recorded by an oscilloscope. The DW velocity, v, was estimated as:

υ = l/∆t (3)

where l is the distance between pick-up coils and ∆t is the time difference between the
maximum in the induced EMF.

The impedance, Z, of the sample and Z(H) dependencies were measured in a wide fre-
quency range (10–100 MHz) using a vector network analyzer N5230A (VNA). As-prepared
and annealed 1 cm long samples were placed in a micro-strip sample holder and impedance
was obtained from the reflection coefficient S11 as described elsewhere [73,74]. A homoge-
nous magnetic field, H, parallel to the microwire axis, up to 20 kA/m is created by a long
solenoid. The ∆Z/Z(H) dependencies were evaluated from Z-values obtained for different
magnetic fields, H, using Equation (2). The frequency, f, dependence of the GMI effect was
evaluated from the dependence of a maximum GMI ratio, ∆Z/Zmax, defined as a maximum
∆Z/Z, versus f.

The Joule heating was carried out by flowing a DC electrical current, I, through 7 cm long
microwires. Joule heating conditions were selected considering that the crystallization of glass-
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coated microwire was previously observed at current densities, j, above 200 A/mm2 [66,75].
Accordingly, we used I-values from 3 up to 20 mA (16.5 ≤ j ≤ 110 A/mm2), and annealing
times, t, up to 20 min. To exclude the effect of possible sample inhomogeneities, the effect
of Joule heating was measured for five separate samples (10 cm long), each one treated with
their corresponding I-value for equal set times. The measurement process was as follows:
after annealing a sample with its designated I-value for a time t1 (3 min for example as the
first step), we measured both the hysteresis loops and the DW dynamics, after which the
same sample was annealed again, with the same I-value and a new time t2 to achieve the
next annealing set time (for example, after 3 min at the first set, 2 min to achieve a total of
5 min of annealing). Joule heating was perfomed in air, as the insulating and continuous
glass coating protects the metallic nucleus from oxidation.

On the other hand, while it would have been preferable to carry out the GMI measure-
ments using these same samples at each annealing step, it proved impossible, as it required
1 cm long samples to be soldered to a sample holder, which would have required to cut out
1 cm pieces from our 10 cm samples after each step, eventually making them too short for
DW analysis. As such, for GMI analysis, we first completed the hysteresis and DW studies,
then cut 1 cm pieces from each sample to measure their GMI ratios. To complement these
results, which were all for t = 20 min with different I-values, a new set of samples, each
annealed with I = 20 mA for different times, was prepared and had their GMI measured.

The surface magnetization process has been studied by longitudinal magneto-optical
Kerr effect (MOKE) described in detail elsewhere [76]. In the MOKE experiment, a polarised
light from a He–Ne laser (beam diameter about 0.8 mm) was reflected on the sample surface
and captured by the detector. The rotation of the light polarization angle reflected from the
sample surface is proportional to the magnetization parallel to the plane of the light and
the axis of the microwire. A pair of Helmholtz coils (diameter of the coils 300 mm, distance
between coils of 150 mm) provided a uniform external magnetic field, H, with an axial
orientation at the microwire. The coils were powered using a bipolar power supply that
generates a magnetic field. The magnetic field was calibrated using the GM05 Gaussmeter
and probe. The maximum H-value was 2400 A/m.

3. Results and Discussion

A substantial GMI ratio improvement by Joule heating.
Evidence of transverse induced magnetic anisotropy in the surface layer from GMI

response and MOKE loops.
Perfectly rectangular hysteresis loops are observed in as-prepared and even Joule

heated microwires (see Figure 1a), while a tendency towards a slight decrease in the
coercivity, Hc, can be seen, the maximum decrease being from 93 to 77 A/m for the sample
annealed with I = 10 mA (see Figure 1b). Such hysteresis loops are typical for Fe-rich
microwires with high and positive λs (λs ≈ 40 × 10−6).

The rectangular hysteresis loop observed in as-prepared and annealed microwires
(see Figure 1a) is commonly explained by the particular domain structure of the Fe-rich
microwires consisting of an axially magnetized single-domain inner core and an external
domain shell with transverse (either radial or circular) magnetization orientation [35–37].
Slight decrease in Hc can be attributed to internal stresses, σi, relaxation upon annealing.
Indeed, stress dependence of Hc was interpreted considering that the Hc is proportional to
the energy required to form the DW, γ, involved in the bistable magnetization process [56],
given as:

HS ∝ γ ∝
[A(3/2) λS (σ + σi)]

1/2

cosα
(4)

α being the angle between magnetization and axial direction, A the exchange energy
constant, σ the applied stresses [50]. Consequently, if σ = 0, Hc must be affected by σi
relaxation. In amorphous materials, the magnetoelastic anisotropy, Kme, and the shape
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anisotropy, are the main factors that determine the hysteresis loops character. Kme is
given by [35–37,56]:

Kme ≈ 3/2λs(σ + ≈i) (5)

The decrease in Kme upon annealing must be associated with a decrease in the magne-
tization work and magnetic anisotropy energy, similarly to what was observed earlier in
Co-rich microwires [25].
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Figure 1. Hysteresis loops of as-prepared and annealed for t = 5 min for different I samples (a) and
Hc(t) dependences for the Joule heated samples with different I-values (b).

As expected, a rather poor GMI effect is observed in as-prepared samples, their
maximum GMI ratio ∆Z/Zmax, defined as their highest GMI max value for a set of measured
frequencies, being below 30% (Figure 2a). In spite of the rectangular character of their
hysteresis loops, a substantial increase in ∆Z/Z ratio is documented in a whole f -range in
Joule heated samples (see Figure 2a,b).
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All processed samples share two common features. The first, in all processed samples,
∆Z/Zmax is always at least 70%. The second one, the appearance of double peak ∆Z/Z(H)
dependencies at f ≥ 500 MHz (see Figures 3 and 4).
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Indeed, the shape of ∆Z/Z(H) dependencies after Joule heating becomes rather dif-
ferent from that of as-prepared samples. As shown in Figure 2a, a single peak ∆Z/Z(H)
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dependence is observed in as-prepared sample in a whole f –range; while double-peak
∆Z/Z(H) dependences are recorded for f ≥ 300 MHz in the samples Joule heated at
I = 20 mA (5 ≤ t ≤ 20 min) (Figures 2b and 3). Similar ∆Z/Z(H) dependences are observed
for the samples Joule heated at different I-values (t = 20 min) (see Figure 4).

The most singular of ∆Z/Z(H) dependencies is observed in the sample processed
by Joule heating at I = 20 mA (t = 3 min), as a value of ∆Z/Zmax ≈ 140% is achieved (see
Figure 5a). Additionally, double-peak ∆Z/Z(H) dependencies are observed starting from
lower frequencies (f ≥100 MHz).
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Previously, the influence of Joule heating on GMI effect has been studied only for
Co-rich microwires with vanishing λs [25,26]. It is worth mentioning that good magnetic
softness and high GMI ratio is usually observed even in as-prepared Co-rich microwires
with vanishing λs, while Joule heating allowed further GMI ratio improvement (up to
650%) [25,26]. Additionally, a double-peak ∆Z/Z(H) dependence was observed in both
as-prepared and Joule heated Co-rich microwires [25,26].

In contrast, rather poor GMI ratio and a single-peak ∆Z/Z(H) dependence are ob-
served in as-prepared Fe-rich microwires (Figure 2a). Such difference is commonly at-
tributed to rather low circumferential magnetic permeability of Fe-rich microwires with
rectangular hysteresis loops and axial character of magnetic anisotropy. After Joule heating,
a substantial GMI ratio improvement (almost an order of magnitude) and change of the
∆Z/Z(H) dependence character from a single-peak to a double-peak ∆Z/Z(H) dependence
are recorded (see Figures 2b, 3, 4 and 5).

Generally, a double-peak ∆Z/Z(H) dependence in magnetic wires is attributed to
the circumferential character of magnetic anisotropy, in contrast to single-peak ∆Z/Z(H)
dependence predicted for magnetic wires with axial magnetic anisotropy [21,77]. Addi-
tionally, the magnetic field of the maximum in ∆Z/Z(H) dependencies is associated to
the magnetic anisotropy field, Hm, [21,22,77]. Therefore, the observed transformation of
∆Z/Z(H) dependence upon Joule heating must be attributed to a change of the character
of magnetic anisotropy from axial to transverse. However, only a slight modification of
hysteresis loop consisting in a slight decrease in Hc upon Joule heating is observed (see
Figure 1). The shape of the hysteresis loops of as-prepared and Joule heated samples is
quite similar. The origin of such a discrepancy can be understood considering that the GMI
effect involves only the sample portion within the skin depth. From measured ∆Z/Z(H)
dependences, we tried to evaluate the modification of Hm versus I or t. For this evalua-
tion, we selected f = 500 MHz, considering that at 500 MHz, all annealed samples present
double-peak ∆Z/Z(H) dependence. As can be seen from Figure 6a,b, there is an increase in
Hm, followed by a decrease, with an increase in either t or I.
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The magnetization distribution of magnetic wires is commonly discussed considering
the contribution of the exchange energy tending the axial magnetization alignment, magne-
toelastic and induced magnetic anisotropies [67,68,70,78]. The peculiarity of Joule heating
is that it involves sample heating in the presence of a circumferential magnetic field, Hcirc,
created by a current flowing through the sample [26,67], given as:

Hcirc = Ir/2πR2 (6)

where r is radial distance, R- microwire metallic nucleus radius.
Accordingly, Hcirc varies from zero on the microwire axis to the maximum value

(Hcirc ≈ 0.43 kA/m for I = 20 mA) on the metallic nucleus surface. This Hcirc-value at the
surface is superior to the Hc-values obtained from the hysteresis loops (see Figure 1a).
Taking into account that the surface layer of the magnetic microwire is magnetized by Hcirc,
during Joule heating, one can expect the appearance of induced magnetic anisotropy on
the surface. Consequently, the evolution of magnetic anisotropy, as evidenced by Hm(t)
(Figure 6a) and Hm(I) (Figure 6b) dependencies, can be associated to the counterbalance
between the shape, magnetoelastic and induced anisotropies.

Domain structures of magnetic wires are commonly described in terms of a core-shell
model [36,37,78,79]. In terms of such a model, the domain structure of magnetically bistable
microwires is described as consisting of a single axially magnetized domain surrounded
by an outer domain shell with transverse (either radial or circumferential) magnetiza-
tion. The inner, axially magnetized core radius, Ric, can be estimated from the remanent
magnetization, Mr/Mo as [36,37,78,79]:

Ric = R(Mr/Mo)l/2 (7)

In the present case, Mr/Mo, evaluated from the hysteresis loops provided in Figure 1a,
gives the values Mr/Mo ≈ 0.95. Therefore, the thickness of the outer domain shell, tOD,
estimated as the difference between R and Ric, gives values of about 0.2 µm. Such values
are comparable with the skin depth, δ, values estimated for f = 500 MHz [80].

The penetration depth, δ, can be evaluated from the ∆Z/Z(H) dependences assuming
that that the Z(H) dependence is attributed to changes in δ [81]. In this assumption, δ can
be calculated as:

δ = R [1 − (1 − RDC/RAC)1/2] (8)
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where RDC is the sample DC resistance, and RAC, the real part of its impedance, Z(H). As
such, we obtained minimum skin depth values, δmin, at f = 500 MHz of about 1 µm (see
Figure 7) for most samples, the only exception being the I = 3 mA, t = 20 min sample which
shows δmin values up to nearly 2.5 µm.
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Obtained δmin values are comparable with the tOD evaluated from Equation (5). Conse-
quently, the outer domain shell with transverse magnetic anisotropy can substantially affect
the GMI response at a sufficiently high frequency (i.e., at f = 500 MHz). Indeed, the GMI
effect features are linked to magnetic properties of the surface layer. Given the provided
above results, that bulk hysteresis loops character of Joule heated samples remain almost
the same (see Figure 1), and we can assume that such modification of magnetic anisotropy
occurs only in the surface layer of metallic nucleus.

The MOKE technique can provide additional information of surface magnetic proper-
ties. Similarly to bulk hysteresis loops, an almost perfectly rectangular MOKE hysteresis
loop is observed in the as-prepared sample (see Figure 8a). Such character of hysteresis
loops must be related to the axial magnetic bistability.
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Figure 8. MOKE hysteresis of as-prepared (a) and Joule heated (b) microwire.

The MOKE hysteresis loop of Joule heated samples is rather different (see Figure 8b).
Magnetic bi-stability is no longer observed. The hysteresis shape can be associated with the
formation of a metastable magnetic state close to the circular direction of the magnetization
(marked by the red arrow).

The MOKE signal measured versus electric current flowing along the microwire
(proportional to the circular magnetic field) is provided in Figure 9. Two pronounced peaks
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are observed. In the presence of a circular magnetic field, the magnetization reversal occurs
between two circular states. Given that we are using longitudinal MOKE, the two circular
states give “0” MOKE signal (marked by red arrows). The two observed peaks must be
associated with sharp jumps between two circular (or inclined) states, in other words, the
effect of circular magnetic bistability, as previously described [82].
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Accordingly, from comparative analysis of GMI response and MOKE loops we can
deduce the induced magnetic anisotropy of transverse character in the surface area of the
samples processed by Joule heating.

The perfectly rectangular character of hysteresis loops of as-prepared and all Joule
heated samples (see Figure 1a) suggests that the remagnetization process of all the samples
runs through a single DW propagation. Accordingly, we measured v(H) dependencies of
as-prepared and Joule heated samples. As can be observed from Figure 10, generally, Joule
heating allows DW velocity improvement.
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20 mA (b).

It is worth noting that Fe-rich microwires, Joule heated at appropriate conditions, have
a unique combination of magnetic properties: they exhibit a fast single DW propagation,
together with high GMI effect in the same microwire. Recently, such a unique combination
of high GMI effect and fast DW propagation was observed in stress-annealed Fe-rich
microwires for certain stress-annealing conditions [58,65,83,84].

Nearly linear v(H) dependencies are observed in as-prepared and Joule heated samples
(see Figure 10). As explained [36,40,43], linear v(H) dependencies are attributed to a viscous
regime, described as:

ν = S (H − H0) (9)
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where S is the DW mobility and H0 is the critical propagation field, below which the DW
propagation is not possible.

Previously, an increase in DW velocity and DW mobility observed in Fe-rich mi-
crowires after annealing is discussed in terms of the relationship between the DW mobility,
S, and Kme and the internal stresses relaxation [39,71].

On the other hand, DW dynamics improvement in various magnetic wires has been
achieved under application of transversal bias magnetic field [85–88].

The transverse induced magnetic anisotropy in the surface layer of the samples pro-
cessed by Joule heating is evidenced by MOKE experiments. It was recently found that the
transverse magnetic anisotropy affects a travelling DW in the same way as the application
of a transversal bias magnetic field [72]. Accordingly, observed DW dynamics improvement
can be attributed to the transverse magnetic anisotropy in the outer domain shell associated
to Joule heating as well as to internal stresses relaxation during Joule heating. To understand
the origin for the DW dynamics improvement, we must consider that annealing as well as
induced magnetic anisotropy affect the DW dynamics of glass-coated microwires [71,72].

However, the observed DW dynamics improvement is less pronounced than for
Fe-rich microwires subjected to conventional furnace annealing [39].

The origin of the magnetic field annealing induced anisotropy is commonly attributed
to the either directional atomic pair ordering or a single–atom mechanism considering
a dense-random-packing-of-hard-spheres-like structure of amorphous materials with B
occupying interstitial holes [89–91].

4. Conclusions

Joule heating allows a substantial GMI ratio improvement, from 30% to 140% ∆Z/Zmax,
of Fe75B9Si12C4 glass-coated microwires. On the other hand, only a slight decrease in
coercivity of up to 16 A/m is observed, while hysteresis loops of Joule heated samples
remain rectangular. Single domain wall propagation is observed in as-prepared and
Joule heated microwires. After Joule heating, an improvement of domain wall dynamics
is achieved, with do71main wall velocities of up to 700 m/s. The observed GMI ratio
improvement, modification of MOKE hysteresis loops and domain wall dynamics have
been discussed considering magnetic anisotropy induced by Oersted magnetic field in the
surface layer of microwire during Joule heating and internal stress relaxation. Substantial
GMI ratio improvement observed in Joule-heated Fe-rich microwires presenting bulk
rectangular hysteresis loop and fast DW propagation, along with the fact that Fe is a more
abundant and less expensive metal than Co, makes them suitable for various technological
applications including magnetic sensors, smart composite materials, non-destructive and
non-contact monitoring of the composites. Fe-rich microwires, current annealed under
appropriate conditions, exhibit a unique combination of magnetic properties such as a fast
single DW propagation, together with a high GMI effect in the same microwire.

Author Contributions: Conceptualization, A.Z. and V.Z.; methodology, M.I., J.M.B., A.C. and V.Z.;
validation, A.Z.; formal analysis, A.Z. and V.Z.; investigation, A.Z., P.C.-L., A.G., A.C. and V.Z.;
resources, A.Z. and V.Z.; data curation, V.Z., P.C.-L., A.G., J.M.B. and M.I.; writing—original draft
preparation, A.Z., P.C.-L., and V.Z.; writing—review and editing, A.Z., P.C.-L. and V.Z.; supervision,
A.Z.; funding acquisition, A.Z. and V.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Spanish MCIU under PGC2018-099530-B-C31 (MCIU/AEI/
FEDER, UE), by the EU under “INFINITE” (Horizon 2020) project, by the Government of the Basque
Country under PUE_2021_1_0009 and Elkartek (CEMAP and AVANSITE) projects by the Diputación
Foral de Gipuzkoa in the frame of Programa “Red guipuzcoana de Ciencia, Tecnología e Innovación
2021” under 2021-CIEN-000007-01 project and by the University of Basque Country under the scheme
of “Ayuda a Grupos Consolidados” (Ref.: GIU18/192) and COLAB20/15 project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sensors 2022, 22, 1053 12 of 15

Data Availability Statement: Data available on request due to restrictions related to the developing
projects.

Acknowledgments: The authors thank the technical and human support provided by SGIker of
UPV/EHU (Medidas Magnéticas Gipuzkoa) and European funding (ERDF and ESF).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fiorillo, F.; Bertotti, G.; Appino, C.; Pasquale, M. Soft Magnetic Materials. In Wiley Encyclopedia of Electrical and Electronics

Engineering; Webster, J., Ed.; John Wiley & Sons, Inc.: Torino, Italy, 1999; p. 42. [CrossRef]
2. Lenz, J.; Edelstein, A.S. Magnetic sensors and their applications. IEEE Sens. J. 2006, 6, 631–649. [CrossRef]
3. Herzer, G. Magnetic materials for electronic article surveillance. J. Magn. Magn. Mater. 2003, 254–255, 598–602. [CrossRef]
4. Zhukov, A.; Ipatov, M.; Corte-Leon, P.; Blanco, J.M.; Zhukova, V. Advanced functional magnetic microwires for magnetic sensors

suitable for biomedical applications. In Magnetic Materials and Technologies for Medical Applications; Tishin, A.M., Ed.; Elsevier:
Amsterdam, The Netherlands, 2022; Chapter 18. [CrossRef]

5. Ripka, P.; Vertesy, G. Sensors based on soft magnetic materials Panel discussion. J. Magn. Magn. Mater. 2000, 215, 795–799.
[CrossRef]

6. Morón, C.; Cabrera, C.; Morón, A.; García, A.; González, M. Magnetic Sensors Based on Amorphous Ferromagnetic Materials:
A Review. Sensors 2015, 15, 28340–28366. [CrossRef]

7. Zhukov, A.; Cobeño, A.F.; Gonzalez, J.; Blanco, J.M.; Aragoneses, P.; Dominguez, L. Magnetoelastic sensor of level of the liquid
based on magnetoelastic properties of Co-rich microwires. Sens. Actuators A Phys. 2000, 81, 129–133. [CrossRef]

8. Mohri, K.; Uchiyama, T.; Panina, L.V.; Yamamoto, M.; Bushida, K. Recent Advances of Amorphous Wire CMOS IC Magneto-
Impedance Sensors: Innovative High-Performance Micromagnetic Sensor Chip. J. Sens. 2015, 2015, 718069. [CrossRef]

9. Schuh, C.A.; Hufnagel, T.C.; Ramamurty, U. Mechanical behavior of amorphous alloys. Acta Mater. 2007, 55, 4067–4109. [CrossRef]
10. Hagiwara, M.; Inoue, A.; Masumoto, T. Mechanical properties of Fe–Si–B amorphous wires produced by in-rotating-water

spinning method. Metall. Trans. A 1982, 13, 373–382. [CrossRef]
11. Goto, T.; Nagano, M.; Wehara, N. Mechanical properties of amorphous Fe80P16C3B1 filament produced by glass-coated melt

spinning. Trans. JIM 1977, 18, 759–764. [CrossRef]
12. Zhukova, V.; Cobeño, A.F.; Zhukov, A.; de Arellano Lopez, A.R.; López-Pombero, S.; Blanco, J.M.; Larin, V.; Gonzalez, J.

Correlation between magnetic and mechanical properties of devitrified glass-coated Fe71.8Cu1Nb3.1Si15B9.1 microwires. J. Magn.
Magn. Mater. 2002, 249, 79–84. [CrossRef]

13. Masumoto, T.; Hashimoto, K. Corrosion properties of amorphous metals. J. Phys. Colloq. 1980, 41, C8-894–C8-900. [CrossRef]
14. Hasegawa, R. Applications of Amorphous Magnetic Alloys. In Properties and Applications of Nanocrystalline Alloys from Amorphous

Precursors; Idzikowski, B., Švec, P., Miglierini, M., Eds.; NATO Science Series (Series II: Mathematics, Physics and Chemistry);
Springer: Dordrecht, The Netherlands, 2005; Volume 184, pp. 189–198.

15. Herzer, G. Amorphous and nanocrystalline soft magnets. In Proceedings of the NATO Advanced Study Institute on Magnetic
Hysteresis in Novel Materials, Mykonos, Greece, 1–12 July 1996; Hadjipanayis, G.C., Ed.; NATO ASI Series (Series E: Applied
Sciences). Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997; Volume 338, pp. 711–730.

16. Konno, Y.; Mohri, K. Magnetostriction measurements for amorphous wires. IEEE Trans. Magn. 1989, 25, 3623–3625. [CrossRef]
17. Churyukanova, M.; Semenkova, V.; Kaloshkin, S.; Shuvaeva, E.; Gudoshnikov, S.; Zhukova, V.; Shchetinin, I.; Zhukov, A.

Magnetostriction investigation of soft magnetic microwires. Phys. Status Solidi A 2016, 213, 363–367. [CrossRef]
18. Cobeño, A.F.; Zhukov, A.; Blanco, J.M.; Gonzalez, J. Giant magneto-impedance effect in CoMnSiB amorphous microwires. J.

Magn. Magn. Mater. 2001, 234, L359–L365. [CrossRef]
19. Panina, L.V.; Mohri, K. Magneto-impedance effect in amorphous wires. Appl. Phys. Lett. 1994, 65, 1189–1191. [CrossRef]
20. Beach, R.; Berkowitz, A. Giant magnetic field dependent impedance of amorphous FeCoSiB wire. Appl. Phys. Lett. 1994, 64, 3652–3654.

[CrossRef]
21. Zhukov, A.; Ipatov, M.; Corte-León, P.; Gonzalez- Legarreta, L.; Churyukanova, M.; Blanco, J.M.; Gonzalez, J.; Taskaev, S.;

Hernando, B.; Zhukova, V. Giant magnetoimpedance in rapidly quenched materials. J. Alloys Compd. 2020, 814, 152225. [CrossRef]
22. Knobel, M.; Vazquez, M.; Kraus, L. Giant magnetoimpedance. In Handbook of Magnetic Materials; Bruck, E., Ed.; Elsevier:

Amsterdam, The Netherlands, 2003; Volume 15, pp. 497–563.
23. Harrison, E.P.; Turney, G.L.; Rowe, H. Electrical Properties of Wires of High Permeability. Nature 1935, 135, 961. [CrossRef]
24. Zhukov, A.; Zhukova, V.; Blanco, J.M.; Gonzalez, J. Recent research on magnetic properties of glass-coated microwires. J. Magn.

Magn. Mater. 2005, 294, 182–192. [CrossRef]
25. Pirota, K.R.; Kraus, L.; Chiriac, H.; Knobel, M. Magnetic properties and GMI in a CoFeSiB glass-covered microwire. J. Magn.

Magn. Mater. 2000, 21, L243–L247. [CrossRef]
26. Corte-León, P.; Zhukova, V.; Ipatov, M.; Blanco, J.M.; Gonzalez, J.; Zhukov, A. Engineering of magnetic properties of Co-rich

microwires by joule heating. Intermetallics 2019, 105, 92–98. [CrossRef]
27. Honkura, Y.; Honkura, S. The Development of ASIC Type GSR Sensor Driven by GHz Pulse Current. Sensors 2020, 20, 1023.

[CrossRef] [PubMed]

http://doi.org/10.1002/047134608X.W4504
http://doi.org/10.1109/JSEN.2006.874493
http://doi.org/10.1016/S0304-8853(02)00930-7
http://doi.org/10.1016/B978-0-12-822532-5.00012-1,
http://doi.org/10.1016/S0304-8853(00)00291-2
http://doi.org/10.3390/s151128340
http://doi.org/10.1016/S0924-4247(99)00152-1
http://doi.org/10.1155/2015/718069
http://doi.org/10.1016/j.actamat.2007.01.052
http://doi.org/10.1007/BF02643346
http://doi.org/10.2320/matertrans1960.18.759
http://doi.org/10.1016/S0304-8853(02)00509-7
http://doi.org/10.1051/jphyscol:19808221
http://doi.org/10.1109/20.42381
http://doi.org/10.1002/pssa.201532552
http://doi.org/10.1016/S0304-8853(01)00385-7
http://doi.org/10.1063/1.112104
http://doi.org/10.1063/1.111170
http://doi.org/10.1016/j.jallcom.2019.152225
http://doi.org/10.1038/135961a0
http://doi.org/10.1016/j.jmmm.2005.03.033
http://doi.org/10.1016/S0304-8853(00)00554-0
http://doi.org/10.1016/j.intermet.2018.11.013
http://doi.org/10.3390/s20041023
http://www.ncbi.nlm.nih.gov/pubmed/32074982


Sensors 2022, 22, 1053 13 of 15

28. Ding, L.; Saez, S.; Dolabdjian, C.; Melo, L.G.C.; Yelon, A.; Ménard, D. Development of a high sensitivity Giant Magneto-Impedance
magnetometer: Comparison with a commercial Flux-Gate. IEEE Sens. 2009, 9, 159–168. [CrossRef]

29. Gudoshnikov, S.; Usov, N.; Nozdrin, A.; Ipatov, M.; Zhukov, A.; Zhukova, V. Highly sensitive magnetometer based on the
off-diagonal GMI effect in Co-rich glass-coated microwire. Phys. Status Solidi (a) 2014, 211, 980–985. [CrossRef]

30. Uchiyama, T.; Mohri, K.; Nakayama, S. Measurement of Spontaneous Oscillatory Magnetic Field of Guinea-Pig Smooth Muscle
Preparation Using Pico-Tesla Resolution Amorphous Wire Magneto-Impedance Sensor. IEEE Trans. Magn. 2011, 47, 3070–3073.
[CrossRef]

31. Eggert, R.G. Minerals go critical. Nat. Chem. 2011, 3, 688–691. [CrossRef]
32. Ohnuma, M.; Herzer, G.; Kozikowski, P.; Polak, C.; Budinsky, V.; Koppoju, S. Structural anisotropy of amorphous alloys with

creep-induced magnetic anisotropy. Acta Mater. 2012, 60, 1278–1286. [CrossRef]
33. Zhukova, V.; Corte-Leon, P.; González-Legarreta, L.; Talaat, A.; Blanco, J.M.; Ipatov, M.; Olivera, J.; Zhukov, A. Optimization of

Magnetic Properties of Magnetic Microwires by Post-Processing. Processes 2020, 8, 1006. [CrossRef]
34. Zhukov, A.; Ipatov, M.; Corte-León, P.; Gonzalez-Legarreta, L.; Blanco, J.M.; Zhukova, V. Soft Magnetic Microwires for Sensor

Applications. J. Magn. Magn. Mater. 2020, 498, 166180. [CrossRef]
35. Vazquez, M.; Chen, D.-X. The magnetization reversal process in amorphous wires. IEEE Trans. Magn. 1995, 31, 1229–1238.

[CrossRef]
36. Mohri, K.; Humphrey, F.B.; Kawashima, K.; Kimura, K.; Muzutani, M. Large Barkhausen and Matteucci Effects in FeCoSiB,

FeCrSiB, and FeNiSiB Amorphous Wires. IEEE Trans. Magn. 1990, 26, 1789–1791. [CrossRef]
37. Zhukova, V.; Zhukov, A.; Blanco, J.M.; Gonzalez, J.; Ponomarev, B.K. Switching field fluctuations in a glass coated Fe-rich

amorphous microwire. J. Magn. Magn. Mat. 2002, 249, 131–135. [CrossRef]
38. Zhukov, A.; Blanco, J.M.; Chizhik, A.; Ipatov, M.; Rodionova, V.; Zhukova, V. Manipulation of domain wall dynamics in

amorphous microwires through domain wall collision. J. Appl. Phys. 2013, 114, 043910. [CrossRef]
39. Zhukova, V.; Corte-Leon, P.; González-Legarreta, L.; Talaat, A.; Blanco, J.M.; Ipatov, M.; Olivera, J.; Zhukov, A. Review of Domain

Wall Dynamics Engineering in Magnetic Microwires. Nanomaterials 2020, 10, 2407. [CrossRef] [PubMed]
40. Chen, D.-X.; Dempsey, N.M.; Vázquez, M.; Hernando, A. Propagating domain wall shape and dynamics in iron-rich amorphous

wires. IEEE Trans. Magn. 1995, 31, 781–790. [CrossRef]
41. Moriya, R.; Hayashi, M.; Thomas, L.; Rettner, C.; Parkin, S.S.P. Dependence of field driven domain wall velocity on cross-sectional

area in Ni65Fe20Co15 nanowires. Appl. Phys. Lett. 2010, 97, 142506. [CrossRef]
42. Allwood, D.A.; Xiong, G.; Faulkner, C.C.; Atkinson, D.; Petit, D.; Cowburn, R.P. Magnetic domain-wall logic. Science

2005, 309, 1688–1692. [CrossRef]
43. Ogasawara, I.; Ueno, S. Preparation and properties of amorphous wires. IEEE Trans. Magn. 1995, 31, 1219–1223. [CrossRef]
44. Rudkowski, P.; Rudkowska, G.; Strom-Olsen, J.O. The fabrication of fine metallic fibers by continuous melt extraction and their

magnetic and mechanical properties. Mater. Sci. Eng. A 1991, 133, 158–161. [CrossRef]
45. Zhukova, V.; Zhukov, A.; Kraposhin, V.; Prokoshin, A.; Gonzalez, J. Magnetic properties and GMI of soft magnetic amorphous

fibers. Sens. Actuators A Phys. 2003, 106, 225–229. [CrossRef]
46. Baranov, S.A.; Larin, V.S.; Torcunov, A.V. Technology, Preparation and Properties of the Cast Glass-Coated Magnetic Microwires.

Crystals 2017, 7, 136. [CrossRef]
47. Kozejova, D.; Fecova, L.; Klein, P.; Sabol, R.; Hudak, R.; Sulla, I.; Mudronova, D.; Galik, J.; Varga, R. Biomedical applications of

glass-coated microwires. J. Magn. Magn. Mater. 2019, 470, 2–5. [CrossRef]
48. Chiriac, H.; Lupu, N.; Stoian, G.; Ababei, G.; Corodeanu, S.; Óvári, T.-A. Ultrathin nanocrystalline magnetic wires. Crystals

2017, 7, 48. [CrossRef]
49. Corte-Leon, P.; Zhukova, V.; Ipatov, M.; Blanco, J.M.; González, J.; Churyukanova, M.; Taskaev, S.; Zhukov, A. The effect of

annealing on magnetic properties of “Thick” microwires. J. Alloys Compd. 2020, 831, 150992. [CrossRef]
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