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Abstract: Thin magnetic wires can present excellent soft magnetic properties (with coercivities up
to 4 A/m), Giant Magneto-impedance effect, GMI, or rectangular hysteresis loops combined with
quite fast domain wall, DW, propagation. In this paper we overview the magnetic properties of
thin magnetic wires and post-processing allowing optimization of their magnetic properties for
magnetic sensor applications. We concluded that the GMI effect, magnetic softness or DW dynamics
of microwires can be tailored by controlling the magnetoelastic anisotropy of as-prepared microwires
or controlling their internal stresses and domain structure by appropriate thermal treatment.

Keywords: magnetic microwires; giant magnetoimpedance; domain wall propagation; magnetoelastic
anisotropy; magnetostriction; annealing; internal stresses

1. Introduction

Magnetic sensors allowing control and monitoring of various processes and functions are
essentially relevant for a great number of industries, such as data storage, home entertainment,
energy harvesting and conversion, informatics, telecommunications, aircrafts, aerospace, automobiles,
electronic surveillance, medicine, biology, etc. over many decades [1-3].

The essential part of magnetic sensors is appropriate magnetic material. Particularly, soft magnetic
materials are used for a wide number of magnetic sensors [3].

One of the most prospective families of soft magnetic materials presenting a number of advantages
such as excellent magnetic softness, fast and inexpensive fabrication process, dimensionality suitable
for various sensors applications and good mechanical properties is the family of amorphous and
nanocrystalline materials prepared using rapid melt quenching [4-6].

Best magnetic softness as well as physical properties linked to soft magnetic properties
(i.e., giant magnetoimpedance, GMI) are reported for amorphous and nanocrystalline wires or
ribbons [5-10]. On the other hand, magnetic wires can also present perfectly rectangular hysteresis
loops and single and fast domain wall propagation [11-16].

It is worth noting that the observation of both single domain wall propagation and above
mentioned GMI are not restricted to amorphous and nanocrystalline wires and were reported in
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crystalline magnetic wires [17,18]. However, the highest GMI effect as well as the fastest single domain
wall propagation are observed in amorphous magnetic materials [19,20].

The main interest in the GMI effect is related to one of the largest among the non-cryogenic
effects, impedance sensitivity to an external magnetic field (up to 10%/A/m) reported for magnetic
microwires [15,19,20]. Such GMI features reported in amorphous wires allowed development of
the GMI sensor technology suitable for various applications, like magnetic field or acceleration
sensors integrated in CMOS circuit [21,22], sensitive low-dimensional magnetometers suitable for
magnetic field monitoring [23,24], biomagnetic field detection allowing the pico-Tesla sensitivity [25]
or magnetoelastic sensors [26,27].

The main features of the GMI effect are satisfactorily explained in terms of classical electrodynamics
considering the skin effect of a magnetically soft conductor [7-10].

However, like magnetic permeability, GMI effect presents tensor origin [9,10,27-29]. Therefore,
the domain structure of magnetic materials (domain walls, magnetic anisotropy distribution) can
considerably affect the GMI features [9,10,28]. On the other hand, the anti-symmetrical magnetic field
dependence of the off-diagonal GMI component observed in amorphous wires is attractive for technical
applications [30,31].

The miniaturization of the sensors and devices requires employment of thinner soft magnetic
wires and hence an extension of the frequency range towards the GHz band [22,23]. In the whole
investigated frequency range, the domain walls are strongly damped. Therefore, spin precession and
magnetization rotation on the surface layer of magnetic wires must be considered for interpretation
of the impedance change upon external magnetic field. Consequently, impedance changes induced
by external magnetic field at GHz frequencies have been attributed to the ferromagnetic resonance
(EMR) [22].

On the other hand, different families of magnetic wires can present fast and controllable electric
current or magnetic field driven domain wall (DW) propagation [13,16,32,33]. These features observed
in planar or cylindrical wires are proposed for various applications for data storage (magnetic
racetrack memory, MRAM) and magnetic logic devices [33,34]. The peculiarity of the amorphous and
nanocrystalline magnetic wires is an extremely fast DW propagation characterized by high DW velocity
and mobility reported elsewhere [13,16,32,35-37]. The DW dynamics (DW velocity and mobility) can
be tuned by the magnetoelastic anisotropy, transverse magnetic field and stresses [35,38].

As recently reported elsewhere [38-40], the DW velocity and mobility of amorphous microwires
can be further improved by appropriate thermal treatments.

Consequently, from the actual state of art on DW dynamics in magnetic microwires, we can
assume that the DW velocity can be tailored by the chemical composition of metallic nucleus as well as
by the thermal treatment [33—40].

Given the attractive magnetic properties of amorphous wires, the development of magnetic
sensors using magnetic wires has aroused great interest in recent years.

Thus, various magnetic sensors employing stability either GMI effect or magnetic bistability of
amorphous wires have been developed [21-27,41-43].

Consequently, preparation and processing of thin magnetic wires with improved magnetic
properties is essentially relevant for development of magnetic sensors. Therefore, in this paper we
will provide the routes allowing optimization of either GMI effect or domain wall dynamics in
magnetic microwires.

2. Experimental Methods

We studied Fe-, Ni- and Co- based microwires with metallic nucleus diameters, d, ranging from
10 up to 25 um, prepared using the Taylor-Ulitovsky technique described elsewhere [13-16,20].
The electrical impedance Z of a magnetic conductor is expressed by [7,8]:

Z = Ryckr]o(kr) /2] (kr) 1)
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where R is the DC electrical resistance, k = (1 + j)/0, where ]y and J; are the Bessel functions, r is the
wire’s radius and 6 the penetration depth given by:

5 = (mope )~ )

where o is the electrical conductivity, pg, is the circular magnetic permeability and f is the frequency of
the current along the sample.

For the impedance Z evaluation we used a micro-strip sample holder previously described
elsewhere [44,45]. The glass layer at the wire ends was removed mechanically to allow making the
electrical contacts. The contact resistance (tenth of ohm) was neglected as it is small (about two order
lower) as compared to the wire resistance (about 20-60 ohms). Z-values have been measured using a
vector network analyzer from the reflection coefficient, 511, using expression [44]:

Z =2Zo(1 + S11)/(1 — S11) 3)

where Zj = 50 ohm is the characteristic impedance of the coaxial line.
From Z-values obtained for different magnetic field H values we evaluated the magnetic field
dependencies of the GMI ratio AZ/Z defined as described elsewhere [7-10]:

AZJZ = [Z(H) — Z(Hmax)//Z(Hmax) 4)

where H,y is the maximum applied DC magnetic field.

The magnetic field H has been produced using a sufficiently long solenoid allowing to create a
homogeneous magnetic field H.

Hysteresis loops have been measured using the fluxmetric method previously described [13,14,46].
The samples of 5 cm in length have been placed inside the single layered pick-up coil. The magnetic
field has been created by 15 cm long solenoid. For this geometry the influence of the demagnetizing
field and hence shape magnetic anisotropy contribution are negligible. For better comparison of
magnetic wires of different compositions and post-processed at different conditions we represent the
hysteresis loops as dependence of normalized magnetization M/M, on magnetic field H where M is
the magnetic moment at given magnetic field and M is the magnetic moment of the sample at the
maximum magnetic field amplitude Hy,.

The DW propagation has been evaluated using modified Sixtus-Tonks technique described
elsewhere [13]. In contrast to the classical Sixtus-Tonks experiments [17], we used three pick-up coils for
estimation of the DW velocity [13,35-38]. In the experiment 10 cm long microwire is placed coaxially
inside of the long solenoid applying rectangular shaped voltage. One end of the wire is placed outside
the solenoid allowing to activate DW propagation always from the opposite wire end.

The DW velocity can be estimated [13,32,35,36] as:

I

U:E

©)
where [ is the distance between pick-up coils and At is the time difference between the maxima in the
induced emf.

We considered only the linear region of v(H) that corresponds to viscous DW propagation
regime. The origin of deviations from linear v(H) dependencies at high-field region has been discussed
elsewhere [13,16]. Proposed modification with 3 pick—up coils allows to avoid the contribution from
multiple DW nucleation at defects [13].

Prepared microwires have been studied in as-prepared state and after annealing. Conventional and
stress annealing processes have been performed in a conventional furnace. During the stress-annealing,
a mechanical load has been attached to one end of the microwire and axially placed via the furnace
nozzle. Such mechanical load allowed to apply tensile stress during the annealing, o,, up to 500 MPa.
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All the annealing processes have been performed at temperatures below the crystallization, observed at
above 450-500 °C.

3. Results and Discussion

3.1. Optimization of Magnetic Softness and GMI Effect in Magnetic Microwires

As discussed elsewhere [7-11], the main parameter that affects the magnitude and the magnetic
field dependence of the GMI effect (including off-diagonal components) of amorphous materials
is the magnetic anisotropy. Consequently, tailoring the magnetoelastic anisotropy of amorphous
microwires, either through the control of the internal stresses or the magnetostriction coefficient or
induced magnetic anisotropy by specially designed post-processing are the main route to optimize the
GMI effect in amorphous microwires [9,15,18].

The primary parameter that allows to optimize the GMI effect is the minimization of the
magnetostriction coefficient, As, either by selection of the appropriate chemical composition of the
metallic alloys (usually in CoxFe; _, NixFe; _«x or CoxMn; _ 4 systems for 0 < x < 1) [9,47,48] or
alternatively by the devitrification of the amorphous precursor [49].

In the alloys based on CoxFe; _ 4 (0 < x < 1) binary system, the As values can be changed from
high and positive A5 values (A5 ~ 35 — 40 x 107°) for the Fe-rich compositions (nearly zero x-values)
to negative A values (typically A5 ~ =5 x 107°) for Co-rich alloy (x = 1) [47,48]. Similarly, As values
can be tuned in NiyFe; _« alloys: As values decrease with increasing of Ni-content is reported
elsewhere [47-49]. However, in Fe-Ni based amorphous alloys, Ni doping originates considerable
saturation magnetization and Curie temperature decrease and therefore vanishing A values correspond
to almost paramagnetic ordering for ambient temperature [49].

One of the examples illustrating the influence of the A; values and sign on hysteresis loops of
magnetic microwires is shown in Figure 1.

14 (a) 14 (b) 14 (c)

X240 x107° | O S S A -5 x10°

-200 0 200 -200 0 200 -1000 -500 0 500 1000

H (A /m)

Figure 1. Hysteresis loops of magnetic microwires Fe;5B9Si|»Cy with positive (a) Cogy1Fesg
Nij 45i14 5B11.5Mo7 7 with nearly-zero; (b) and Coyy 5Si15By 5 with negative (c) As values.

The other important parameter that affects the magnetic softness and hence the GMI effect is the
value and distribution of the internal stresses within the metallic nucleus. Such stresses are originated
by rapid solidification of metallic alloy itself as well as by the different thermal expansion coefficients
of the metallic alloy and glass coating [50-54].

The common viewpoint on internal stresses distribution [52-54] confirmed by a number of
indirect experiments (chemical etching of glass-coating, measurements of microwires with different
glass-coating thickness, effect of annealing on hysteresis loops) [55,56] is that the largest internal stresses
within almost the whole metallic nucleus volume present the axial orientation. Furthermore, the
internal stress values o; increase with increasing of the glass-coating thickness [50,52], i.e., linked with
the ratio p between the metallic nucleus diameter d and the total microwire diameter, D (p = d/D) [50,54].
Consequently, microwires with even the same composition and hence the same As values can present
different magnetic properties. As an example, influence of the internal stresses controlled through the
p-ratio for both families of microwires (Co-rich and Fe-rich) is shown in Figure 2.
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Figure 2. Hysteresis loops of as-prepared Cog;Fesg5Nij 45B1155i145Mo017 (a) and Fey5BgSi1pCy
(b) microwires with different p ratios.

It is worth mentioning that the glass-coating thickness (with lower thermal conductivity) also
affects the thermal exchange conditions between the metallic nucleus and the ambient [57] and
hence the quenching rate and therefore above presented description can be considered only for a
first approximation.

As can be seen from Figures 1b and 2a, as-prepared Co-rich microwires present typical quasi-linear
hysteresis loops with very low coercivity, H, = 5 A/m.

Consequently, both Co-rich microwires present high GMI ratio (see Figure 3a). On the other
hand, an order of magnitude lower GMI ratio is observed in as-prepared Fe-rich microwire presenting
rectangular hysteresis loop (see Figure 3b).
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Figure 3. AZ/Z(H) dependencies of as-prepared Cog;Fe3 g5Nij 45B11 5 Sija5Moq 7 with different p-ratios
(a) and for as-prepared Fe;5BgSij,Cy microwires; (b) measured at 500 MHz.

One more important parameter for GMI ratio optimization is the frequency. Sufficiently enough
frequency f is one of the conditions for GMI effect observation: f must be high enough in order to
ensure that the skin depth is below the sample radius.

AZ/Z(H) dependencies measured at different frequencies in as-prepared Fez¢Co7;3Nigo
B13.451104Co9Mog, (d = 9.6 um and 11 pum) microwires are shown in Figure 4a,b respectively.
For comparison of the GMI effect in both samples we plotted frequency dependence of a maximum
GMI ratio, AZ/Z,,, defined as a maximum AZ/Z obtained at a given frequency. Both samples have high
GMl ratio, however, for the frequency range below 600 MHz the microwire with d = 11 um presents
superior AZ/Z,, values (Figure 4c). However, for f > 600 MHz the thinner sample (d = 9.6 pm) presents
higher AZ/Z,, values.
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Figure 4. AZ/Z(H) dependencies measured in as-prepared Fe3 sCo71 3Nig 2B1345i194Co9Mog, with
d =9.6 um (a) and 11 pm (b) microwires and AZ/Z,,(f) dependence for both microwires (c).

Observed difference in AZ/Z,,(f) dependencies for the microwires of the same composition must
be related to the relationship between the wire diameter and the optimal frequency for the GMI
performance: for achievement of the significant GMI effect, the penetration skin depth must be below
the wire radius [58]. Consequently, the diameter reduction must be associated with rising of the optimal
GMI frequency range [58].

It is worth mentioning that this approach has some limitations because the AZ/Z;,(f) dependencies
can be affected by the interfacial layer between the metallic nucleus and the glass coating observed in
glass-coated microwires [59]. Indeed, different magnetic anisotropy and therefore different magnetic
field dependence of the GMI ratio is expected in the interfacial layer with chemical composition
different from the inner part of the metallic nucleus.

Consequently, a number of various factors must be considered for tuning the magnetic properties
in order to meet the requirements of any industrial applications. Thus, thermal treatment in some
case can considerably affect magnetic properties of magnetic microwires prepared by Taylor-Ulitovsky
method [39,40].

The other factor that must be addressed from the viewpoint of application is the cost of magnetic
microwires. In this regard, Co belongs to critical raw materials [60]. Consequently, the cost of Co-rich
microwires and insecure Co supplies could be potentially an obstacle for massive applications.
Therefore, less expensive Fe-based microwires are preferable for large scale applications.

In this case the nanocrystallization of Fe-rich microwires can be a useful route for improvement
of magnetic softness [61-63]. However, amorphous materials, as a rule, present superior mechanical
properties [64—60].

Therefore, search of routes allowing optimization of functional magnetic properties of amorphous
microwires becomes essentially important for applications.

Consequently, below we will present our last results on optimization of magnetic softness,
GMI effect and domain wall dynamics of magnetic microwires.
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3.2. Tailoring of Magnetic Properties and Gmi Effect in Co-Rich Amorphous Microwires

One of the most common methods allowing stress relaxation is annealing. Recently, a few
attempts to tailor magnetic properties and GMI effect of Co and Fe-rich microwires have been
reported [38—40,67-70]. However, in most of the cases a magnetic hardening and deterioration of the
GMI effect has been observed after conventional furnace annealing [38-40,67-70]. Considering that for
each Co-rich composition the behavior can be different, we fixed one of the typical Co-rich compositions
(Fe36Cog9.2NiiB1p 55i11Mo1 5C1 2, d =22.8 um, D = 23.2 um). Below we present a systematic study of
the effect of annealing conditions on hysteresis loops and GMI effect of the given microwire.

Similarly, to other Co-rich microwires with vanishing As values Fe3 4Cog9 2NijB1255111Mo1 5C1 2
microwire presents drastic magnetic hardening: an order of magnitude coercivity rising from 5 A/m
up to 90 A/m (see Figure 5). Similar magnetic hardening of Co-rich microwires after annealing is
recently explained considering either magnetostriction coefficient variation and even sign change upon
annealing [30,31] or stress relaxation and related domain structure modification consisting of growth
of inner axially magnetized domain [23]. Therefore, conventional furnace cannot be considered as the
optimal post-processing for improvement of magnetic softness at least for Co-rich microwires.

(1)'_ (a)

11 as-prepared
1 -300 0
_1 _- Tann_zoo OC
° 300 T
(> N I ——
=0 - :
A T =250°C
-300 300

1 Jo 1 T =300°C
, . , , ann ;
-300 0 300
H(A/m)
Figure 5. Hysteresis loops of as-prepared (a) and annealed at 200 °C (b), 250 °C (c) and 300 °C
(d) F6346C069.2Ni1312_55111M01.5C1 microwires.

Therefore, as expected we observed deterioration of the GMI effect in Fe3 ¢Cog92NijB1s 5
Si11Moq 5Cq microwires upon annealing at 200 °C (see Figure 6). However, surprisingly GMI ratio of
Fe3 6Cog9.2Nij B1p 55111 Moy 5C1 microwires annealed at 300 °C is considerably higher (see Figure 6).

More detailed studies allow to observe a few more interesting dependencies: for the annealed
Fes 4Cog92Ni1B12.55111Mog 5C1 microwires, presenting almost perfect rectangular hysteresis loop
(i-e.,at Tann = 300 °C and 325 °C) the GMlI ratio is higher than that of as-prepared sample (see Figure 7c,d).

On the other hand, the shape of AZ/Z(H) dependencies measured at low f-values (10-100 MHz)
is considerably affected by the annealing: a double-maximum dependence typical for wires with
circumferential magnetic anisotropy is observed for as-prepared sample, while for annealed sample
AZ/Z(H) dependence has a shape of decay from H = 0 (see Figure 8). However, increasing the
frequency the double maximum AZ/Z(H) dependencies can be observed even in annealed samples
(see Figure 7a-d).
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Figure 6. AZ/Z (H) dependencies of as-prepared and annealed Fej¢Cog92NijB1255111Mo15C1 2

microwires measured at 500 MHz.
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Figure 7. AZ/Z (H) dependencies of as-prepared (a) and annealed at 200 °C (b), 300 °C (c) and 325 °C

d) Fe3 ¢Cogg9oNiqBip 55111 Moq 5Cq » microwires.
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Figure 8. AZ/Z(H) dependencies of as-prepared (a) and annealed at 300 °C (b) Fe3 ¢Cog92NiiBi2 5

Sij1Moq 5Cq » microwires.
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These experimental results are resumed in Figure 9, where dependence of maximum GMI ratio,
AZ/Z,, (defined as a maximum at a given frequency on AZ/Z(H) dependence for each sample) and AZ/Z,,
(Tann) dependencies are plotted. From these dependencies it can be deduced that from the viewpoint
of the GMI ratio optimization the conventional furnace annealing can be suitable at certain annealing
conditions. Additionally, observation of double-maximum AZ/Z(H) dependencies at higher frequencies
(above 200 MHz) can be attributed to existence of thin outer shell with transverse magnetic anisotropy.
In this case bulk hysteresis loop reflects only the overall magnetic anisotropy modification induced
by annealing. However, for GMI effect the magnetic anisotropy in thin surface layer (with thickness
comparable to the skin depth at a given frequency) is more relevant.

150

(a) (b)
—e— As-prepared 2004 "
o T, =200°C
— ! e o > \
X 1007 = 1501 . .
VE Q £ L -
y S
'211 - < 1004 -
i 0
50}(}] \'\. 504 w
: =T e
p o o \.\o
o o
0 500 1000 0 200 250 300 350 400 450
0
AMHz) Tam( C)

Figure 9. AZ/Z,(f) dependencies for as-prepared and annealed for 60 min at 200 °C
and 300 °C Fe34Co492NiiB1p55i11Mo15C1» microwires (a) and AZ/Z;(Tyun) dependence for
Fe3 6Cog9 2Ni1 B12 55i11Mo1 5C » microwires measured at 100 MHz (b).

As recently reported [67-70], stress annealing is one of the most effective methods allowing
improvement of magnetic softness and GMI ratio of magnetic microwires. Therefore, we performed
stress-annealing of Co-rich microwires.

The influence of the annealing parameters (Tyun, tan, 04) on hysteresis loop of FessCog92
Ni; By 55i11Mo15C1» microwire subjected to stress-annealing is illustrated by Figure 10.
From observed evolution of the hysteresis loop we can deduce that, as-compared to conventional
annealing, stress-annealing allows coercivity, H, reduction and remanent magnetization, M,/M,,
increase (Figure 10a). However, observed changes are affected by annealing conditions, i.e., Tyux,
tann, 04. Thus, at high enough T, or o, the rectangular hysteresis loop observed in stress-annealed
Fe3 4Cog9.2Nij B1p 55i11Moq 5C1 » microwires becomes again linear, i.e., similar to those of as-prepared
Co-rich microwires (see Figure 10c). On the other hand, the microwires annealed without stress
present rectangular hysteresis loops for all T, (see Figure 10b,c). Therefore, we can deduce that the
conventional annealing (without stress) allows internal stresses relaxation. Consequently, observed
increase of H. and M,/M; upon annealing have been explained considering modification in the
magnetostriction coefficient and growing of the inner single axially magnetized domain [39,40,70].
However, for explanation of the influence of stress-annealing we can consider stress-annealing
induced transverse magnetic anisotropy [70,71]. This stress-annealing induced transverse magnetic
anisotropy becomes more relevant with increase of Ty, tann, 04 [70,71]. Therefore, stress-annealed
Fes Cog9.2Nij By 55i11Moq 5C1 » microwires (annealed at high enough Ty, tann, 0a) present lower
M,/My-values [71].
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Figure 10. Hysteresis loops of Fes sCog9 2NijB15 55111 Mo1 5C1 » microwires as-prepared, annealed and
stress-annealed at T,y = 200 °C (a) and Ty, =375 °C (b) and at t;,,, = 60 min, o, = 472 MPa for

Tann = 300 °C and 350 °C (c).

As regarding the GMI effect, all stress-annealed Co-rich microwires present a remarkable GMI
ratio improvement (see comparison in Figure 11a): for f = 200 MHz more than double GMI ratio
improvement is observed almost for all stress-annealed samples. As can be appreciated from the
AZ/Z,,(f) dependencies shown in Figure 11b. This AZ/Z,, improvement is observed for all frequency
range (up to 1 GHz). It is interesting that the optimum frequency for as-prepared sample is about
100 MHz, however, for stress-annealed samples the optimal frequency shifts to about 150 MHz.
The highest AZ/Z,, ratio (of about 230%) is observed for the sample annealed at o, =236 MPa.
However, the sample annealed under ¢, = 472 MPa presents the highest AZ/Z;, in the frequency range
f =200 MHz (see Figure 11b).

250
(a) as-propared o+ 06,7236 MPa—e— as-prepared
A s 4 =354 MPa ~©- ¢ =0 MPa
i 6=118 MPa ° °
2001 [h g 200 . = a
- — —n—6.=118 MP3
0,=236 MPa . "~ —m=— g =472 MPa
\/; Ga=354 MPa ;\;\ 150 A =) .\'\a
3 K 8 NN
Nt Ga=472 MPa g ) \\:U y .\.\
R‘ N . B g
3 N 100 NG A
< ~ e
\' xé 0.
— T
50 o .\.\o \.\é
s \.\'\o\
T, =300°C )
0 T T T
-10 0 10 0 300 600 900
H(kA/m) /(MHz)

Figure 11. AZ/Z(H) dependences of as-prepared and stress-annealed at Ty, = 300 °C samples at
different 0, measured at 200 MHz (a) and AZ/Z,,(f) dependencies for the same samples (b).

Consequently, we can resume that the stress-induced anisotropy allows tuning of both the GMI
ratio value and the AZ/Z,,(f) dependencies.
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Most of hysteresis loops of annealed and stress-annealed FejCog92NigB1255i11Mo15Cq2
microwires present rectangular shape. Therefore, it is expected that the remagnetization process runs
by single domain wall propagation as described elsewhere [11-14].

Experimental results on DW dynamics of studied sample are presented in Figure 12.
Indeed, annealed sample presents quite fast DW propagation: for the sample annealed at T, = 350 °C
the DW velocity v up to 3000 m/s can be observed (Figure 12a). The DW dynamics is affected by
Tann (Figure 12b) and o, (Figure 12c). One of the features of the DW dynamics in stress-annealed
Fe3 Cog92Ni;B1y 55111 Moj 5C1 2 microwires is that the magnetic field range at which the single DW
propagation can be observed is shifted to low —field region (see Figure 12b) as compared to annealed
(for 0, = 0 MPa) samples.
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Figure 12. v(H) dependencies measured for the Fez Cog92NijB15 55111 Mo1 5C1 » samples annealed at
Tann = 350 °C (a) for the sample annealed at 0, = 0 MPa and 0, = 354 MPa for different T, (b) and at
Tann = 350 °C for different applied stress (c).

Furthermore, the DW dynamics in all annealed samples can be described by linear v(H)
dependencies previously attributed to a viscous regime [35-38]:

v =5(H - Hy) (6)

where S is the DW mobility and H)) is the critical propagation field, below which the DW propagation
cannot be observed.
As observed from Figure 12, v and S-values increase rising the T,,,, (Figure 12b) and o, (Figure 12c).
As evidenced from observed dependencies both furnace annealing and especially stress-annealing
are promising methods allowing optimization of functional magnetic properties, such as GMI ratio,
coercivity and DW velocity and mobility.

3.3. Tailoring of Gmi Effect and Domain Wall Dynamics in Fe-Rich Microwires

As mentioned above, the magnetic softness of Fe-rich microwires is generally limited by high
enough magnetostriction coefficient, A5, values. One of the routes allowing considerable reduction of A4
is the nanocrystallization, usually observed either in Finemet-type [49,61-63] or Hitperm-like magnetic
wires [72]. However, generally nanocrystalline materials present poor mechanical properties [66].
Therefore, applications of nanocrystalline magnetic microwires are sufficiently restricted by poorer
mechanical properties.
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The alternative method allowing magnetic softening of magnetic microwires lies in the selection
of appropriate post-processing aimed to reduce the magnetoelastic anisotropy i.e., by redistribution of
the internal stresses [67-70].

Below we will present some last experimental results on tuning of GMI effect and DW dynamics of
an amorphous Fe-rich microwire with quite typical composition (Fe75B9SijpCy; d = 15,2 pm; D =17,2 um)
with high and positive magnetostriction coefficient (15 ~ 38 x 107°) [48,73] by post-processing.

As can be appreciated from Figure 13, as-prepared and annealed (without stress) Fey5B9S5i1,Cy
samples present rectangular hysteresis loops, as reported elsewhere for microwires with positive A
values [13,35-38]. Slight H. decreasing after annealing is observed (see Figure 13a for Ty, = 350 °C).

1,0
(a) 104 (D)
as-prepared
0,5 051 T,,=350°C
o
o
= 00 b
=2 s
.0’5<
; as-prepared
-1,0 4 J T, =350°C
-200 -100 0 100 200 -200 -100 0 100 200

H (A/m) H (A/m)

Figure 13. Hysteresis loops of as-prepared and annealed at Ty, = 350 °C for o, = 0 MPa Fey5B9Si15Cy
sample (a) and annealed at the same Ty, for 6, = 190 MPa Fe;5B9Si1,C4 sample (b).

However, rather different hysteresis loop is observed in the stress-annealed (at the same Tp,;,)
Fe;5B9Si,Cy sample (see Figure 13b): The hysteresis loop becomes almost linear (see Figure 13a,b).

Observed stress-annealing induced magnetic anisotropy depends on a few parameters: Ty, 0a
(see Figure 14a,b). Increasing the annealing temperature and stress applied during the annealing
a decrease in remnant magnetization, M,/M,, and H, and increase in magnetic anisotropy field,
Hy, is observed (see Figure 14a,b). Consequently, Fe;5B9Si1,C4 microwires annealed at high enough Ty
or o, present strong transverse magnetic anisotropy characterized by high Hj values (see Figure 14a,b).

4 1.0
101(a) o (b)
! I|| et
0.5 ||! i 0.5 :
i % |
(A > 0.0 i
" T g i
|f I| 2 |f J —— as-prepared
0.54 “ i | i | —— as-prepared 0.51 : Prep
|I -I | 190MPa e ||=|I ,II || ........... Tam_sDD nc
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10 ] 380MPa ok e T_ =350°C
400 200 0 200 400 400 200 0 200 400
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Figure 14. Effect of tensile stress applied during the annealing at 300 °C ({41, = 60 min) (a) and annealing
temperature at fixed o, = 190 MPa; (b) on hysteresis loops of Fe;5B9Si1,C4 microwire.

Observed considerable magnetic softening evidenced from Figures 13 and 14 allows a remarkable
GMI ratio improvement (more than an order of magnitude) (see Figure 15). This GMI effect must be
attributed to stress-annealing induced transversal magnetic anisotropy and related improvement of

circumferential magnetic permeability.
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Figure 15. AZ/Z(H) dependencies observed in as-prepared and stress-annealed at T, = 350 °C for o,
= 190 MPa Fe75B9SipC4 microwires (f = 200 MHz) (a) and the same dependencies measured at 400
and 800 MHz (b).

Rather different magnetic anisotropy of as-prepared and stress-annealed Fe;5B9Si1,C4 microwires
can be deduced from AZ/Z(H) dependencies of both samples (see Figure 15a,b). As observed in
Figure 15a,b, single peak AZ/Z(H) dependence with AZ/Z maximum at H = 0 is observed for all
frequencies. Such kind of AZ/Z(H) dependence with decay from H = 0 is predicted for axial magnetic
anisotropy (also evidenced from the hysteresis loops) [28].

The stress-annealed (T, = 350 °C for 0, = 190 MPa) Fey5B9Si,Cy microwire presents rather
unusual and irregular AZ/Z(H) dependence for intermediate frequency range (100-400 MHz)
(see Figure 15a,b). However, rising the frequency a double-peak AZ/Z(H) dependence of stress-annealed
Fe75B9Si1,C4 microwire is observed (see Figure 15b). On the other hand, for low frequencies (f <50 MHz)
the single peak AZ/Z(H) dependence of stress-annealed Fe;s5B¢Si;»C4 microwire is observed (see
Figure 16a). Similar behavior is observed for the Fe;5B9Sij»Cy microwires stress-annealed at different
conditions: single-peak dependence for low f region, double peak for high enough frequencies and
irregular AZ/Z(H) dependence for intermediate f —values (see Figure 16).

~ — 30 MHz
904 — 10 MH. 7 /
(a) o (b) P\ I\ o om:

rrrrrrrrr 100 MHz

0 10 10 0 10
H(kA/m) H(kA/m)

() (b)

Figure 16. AZ/Z(H) dependencies observed in stress-annealed at T;;;, = 350 °C (for 60 min and
0, =190 MPa) (a) and at Tapn = 300 °C (for 60 min and o, = 900 MPa) (b) Fe75B¢Si1,Cy4 microwires.

Observed irregular AZ/Z(H) dependence recently has been attributed to as the superposition
of the double-peak AZ/Z(H) dependence typical for transverse magnetic anisotropy and single-peak
dependence reported for axial magnetic anisotropy [74]. Evolution of AZ/Z(H) dependencies rising the
frequency can be explained considering frequency dependence of the penetration depth, 0, given by
Equation 2. Indeed, as followed from Equation 2 and reported previously elsewhere [75], a decrease
in 6 with f increasing is expected. On the other hand, it is commonly considered that the domain
structure of magnetic wires consists of inner axially magnetized core and outer domain shell [76-78].
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The evolution of such domain structure upon annealing can be evaluated considering the relationship
of the squareness ratio, M,/M, with the radius of the inner axially magnetized core, R, given as [76]:

R. = R(My/M,)"? )

where R is the metallic nucleus radius.

A remarkable M,/M, decrease is observed upon stress annealing (see Figures 13 and 14).

Therefore, a contribution of both inner axially magnetized core and outer domain shell with
circumferential magnetic anisotropy is expected for low frequencies. However, at high enough
frequencies 6 becomes smaller and therefore, the only contribution of the outer domain shell can
be assumed.

From the hysteresis loops presented in Figure 14a we obtained the M,/M,-values and evaluated
the R. dependence on o¢,-values (at Ty, = 300 °C, see Figure 17). As observed from Figure 17,
Rc-values progressively decrease with o,-values increasing (at Ty, = 300 °C). Consequently, from R (o)
dependence we can assume an increase of the outer domain shell volume with transverse magnetization
orientation in expense of a decreasing in the inner axially magnetized core volume.

8

R (um)

0 200 400
s (MPa)

Figure 17. Effect of the stress applied during the annealing at Ty, = 300 °C on R, values of Fe75B9S5i1,Cy
microwire. The line is for the eyes only.

One more relevant feature of stress-annealed Fe;5B9Si1,C4 microwires is elevated AZ/Z,, values
observed in a wide frequency range evidenced from the AZ/Z,(f) dependencies shown in Figure 18.
It is worth mentioning that AZ/Z,, > 100% are observed for the frequency between 200 MHz and 1 GHz
(see Figure 18).

150

100 o o O T9—o—o0—o0
7

AZIZ(%)

504 K
o

/;c‘)flf stress-annealed at T, =350 °C (190 MPa)

B _o— stress-annealed at T,,,=300 °C (900 MPa)

0

0 500 1000
f (MHz)

Figure 18. Frequency dependence of maximum GMI ratio for stress-annealed (Ty;, = 350 °C,
0, =190 MPa and Ty, =300 °C, 0, = 900 MPa) Fe;5B¢Si1,Cy4 microwires.

Generally, Fe-rich microwires are commonly recognized as a material suitable for experimental
studies of single DW propagation and potentially interesting for related applications [13,16,32-38].
These features are closely linked to spontaneous magnetic bistability exhibited by as-prepared Fe-rich
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microwires [13,14]. Consequently, single and fast DW propagation of Fe-rich microwires became a
subject of intensive research [13,35-38].

Previously it was shown that the DW dynamics can be considerably improved by minimization
of the magnetoelastic anisotropy [13,35-38]. One of the most effective methods is selection of the
appropriate chemical composition of metallic nucleus with low magnetostriction coefficient [13,35,36].
However, even for fixed chemical composition the DW dynamics can be considerably improved by
annealing allowing internal stresses relaxation [40]. Furthermore, stress-annealing induced anisotropy
canimprove even more efficiently the DW dynamics [71]. The effect of annealing and stress-annealing on
v(H) dependencies of Fey5B9Si1,C4 microwires is resumed in Figure 19. Similarly, to previously reported
results [38,40,71,79], a remarkable improvement of DW velocity, v, and DW mobility, S, is observed
(see Figure 19a). It is worth noting that the DW velocity can be improved up to 1.5 km/s (see Figure 19)
by stress- annealing. This dependence of DW dynamics is affected by a number of parameters,
i.e., annealing time, ¢, at fixed T4y, (see Figure 19b). However, in the case of stress-annealing the
samples annealed long enough time, at high enough o, or T;,;, do not present magnetic bistability
(see Figures 13 and 14). The DW mobility, S, rises from about S ~ 7.5 m?/A-s for as-prepared sample
up to S = 20 m?/A-s (annealed at Ty, = 300 °C) and even up to S = 27 m?/A-s (stress- annealed at
Tann = 300 °C, see Figure 19c). However, for T;,, = 300 °C we have experimental results only for
tann = 60 min (shown as dot line only for comparison). Even more remarkable effect of stress-annealing
on S- values (S up to 40 m?/A-s) is reported recently for Ty, = 325 °C [71].

1600 10004
(a) .
1400 - m  as-prepared o) ( b ) ©
O stress annealed at 300 °C (Ga=190 MPa) < @g@
12004 © annealed at 300 °c ‘ 800 @%%@
®  as cast
m 1000 — o 15min
R w 600 ® 60min
g/ 800 é
> >
600- g
A 400
4004 45
&
200 T T T T T Y T T T T T T
20 30 40 50 60 70 20 30 40 50 60 70
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<
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é 16
w
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Figure 19. v(H) dependencies of as-prepared, annealed (T, = 300 °C) and stress- annealed at Tguy
=300 °C for 0, =190 MPa (a) for as-prepared and annealed at T, = 300 °C for different t;,, (b) and
effect of annealing conditions on S-value (c) of Fe75B9Si1pC4 microwires. The lines are just for eyes.
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The interpretation of the effect of conventional annealing on DW dynamics involves the
magnetoeslastic anisotropy contribution to the domain wall mobility, S, given by [38,80,81]:

S = 2uoMy/B (8)

where f is the viscous damping coefficient, 1y is magnetic permeability of vacuum.
Although generally three contributions have been discussed elsewhere [38,81], i.e.,

e The eddy current contribution, ,, is associated to the micro-eddy currents circulating nearby
moving domain wall;

e  The magnetic relaxation damping, 8,, related to the Gilbert damping parameter, «;

e  The structural relaxation contribution originated from the interaction of mobile defects with the
local magnetization [81].

The most evident interpretation is related to the magnetic relaxation damping, 3,, which is related
to the anisotropy constant, K through the DW width 6w [38]

Br ~ 2am~Y(K/A)Y? )

where A is the exchange interaction constant. As mentioned above, in amorphous materials the main
origin of magnetic anisotropy is the magnetoelastic anisotropy, Ky, given by:

Kue ~ 3/250; (10)

where A is the magnetostriction coefficient, and o; - the internal stress.

In the latter case the annealing influence must be related to the internal stresses relaxation [38,79,81].

Indeed, elevated internal stresses are intrinsically related to the preparation method involving
rapid melt quenching of metallic nucleus surrounded by the glass coating [50-54].

The interpretation of the stress-annealing influence of DW dynamics in magnetic microwires is
recently given considering the similarity of the stress-annealing induced magnetic anisotropy and
transverse magnetic field on DW dynamics [79]. Indeed, beneficial effect of transverse magnetic field
on the DW dynamics is recently reported in a few publications [82-85]. The interpretation involves the
influence of the transverse magnetic field on the DW structure and the DW energy landscape.

Aforementioned examples provide the routes for optimization of GMI effect and DW dynamics in
Co-and Fe-rich microwires.

4. Conclusions

We concluded that the GMI effect, magnetic softness or DW dynamics of microwires can be
tailored by controlling the magnetoelastic anisotropy of as-prepared microwires either through tuning
of their internal stresses, magnetostriction coefficient and hence domain structure or by appropriate
thermal treatment.

The impact of stress-annealing on magnetic properties and domain wall (DW) propagation
and giant magneto-impedance (GMI) effect in Co and Fe- rich microwires is experimentally studied.
Observed stress-induced anisotropy is considerably affected by annealing conditions (annealing time,
temperature or stress applied during the annealing).

Considerable magnetic hardening and transformation of linear hysteresis loop with low coercivity
(He = 4 A/m) into rectangular with H. = 90 A/m upon annealing without stress is observed in Co-rich
microwires. However, considerable MI effect improvement at certain annealing conditions is observed.
Even more remarkable improvement of the GMI effect is observed in Co-rich glass-coated microwires
subjected to stress annealing.

Remarkable improvement of DW mobility and GMI ratio are achieved by stress-annealing in Fe-rich
microwires. Furthermore, the shape of AZ/Z(H) dependencies for as-prepared and stress-annealed
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samples present considerable difference. A remarkable effect of stress-annealing on hysteresis loops is
attributed to the domain structure modification: Rising the volume of the outer domain shell with
transverse magnetic anisotropy. We assumed that this outer domain shell with transverse magnetic
anisotropy affects the travelling DW in a similar way as application of transversal bias magnetic field
allowing enhancement the DW velocity. Accordingly, stress annealing of Fe-rich microwires allowed
us to achieve the magnetic anisotropy distribution beneficial for optimization of either the GMI effect
or the DW dynamics.

Consequently, versatile properties of magnetic microwires (DW dynamics, magnetic softness and
GMI effect) can be optimized by appropriate postprocessing.

Author Contributions: A.Z. designed the concept of the project. V.Z., L.G.-L. and P.C.-L. prepared and annealed
the samples, M.I, V.Z,, JM.B. L.G.-L. and P.C.-L. performed the magnetic and GMI measurements. A.Z., V.Z. and
M.L participated in the result analysis, discussion and manuscript preparation. All the authors reviewed and
finalized the manuscript.

Funding: This work was funded by Spanish MCIU under PGC2018-099530-B-C31 (MCIU/AEI/FEDER, UE) by the
Government of the Basque Country under PIBA 2018-44 projectand by the University of Basque Country under
the scheme of “Ayuda a Grupos Consolidados” (Ref.: GIU18/192).

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

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

References

1.  Lenz, ].; Edelstein, A.S. Magnetic sensors and their applications. IEEE Sens. J. 2006, 6, 631-649. [CrossRef]
Diaz-Michelena, M. Small Magnetic Sensors for Space Applications. Sensors 2009, 9, 2271-2283. [CrossRef]
[PubMed]

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

4. Fiorillo, E; 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]

5. Jiles, D.C. Recent advances and future directions in magnetic materials. Acta Mater. 2003, 51, 5907-5939.
[CrossRef]

6. Panina, L.V.; Makhnovskiy, D.P.; Dzhumazoda, A.; Podgornaya, S.V. High Performance Soft Magnetic
Materials. In Springer Series in Materials Science; Zhukov, A., Ed.; Springer International Publishing: Cham,
Switzerland, 2017; p. 216. ISBN 0933-033X. [CrossRef]

7.  Panina, L.V,; Mohri, K. Magneto-impedance effect in amorphous wires. Appl. Phys. Lett. 1994, 65, 1189-1191.
[CrossRef]

8. Beach, R.; Berkowitz, A. Giant magnetic field dependent impedance of amorphous FeCoSiB wire.
Appl. Phys. Lett. 1994, 64, 3652-3654. [CrossRef]

9. Zhukov, A.; Ipatov, M.; Zhukova, V. Advances in Giant Magnetoimpedance of Materials. In Handbook of
Magnetic Materials; Buschow, K.H.J., Ed.; Elsevier: Amsterdam, The Netherlands, 2015; Chapter 2; p. 139.

10. Knobel, M.; Vazquez, M.; Kraus, L. Giant Magnetoimpedance. In Handbook of Magnetic Materials; Bruck, E.,
Ed.; Elsevier: Amsterdam, The Netherlands, 2003; pp. 497-563.

11.  Mohri, K,; Humphrey, EB.; 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]

12.  Ogasawara, I.; Ueno, S. Preparation and properties of amorphous wires. IEEE Trans. Magn. 1995, 31,
1219-1223. [CrossRef]

13.  Zhukova, V.; Blanco, ].M.; Rodionova, V.; Ipatov, M.; Zhukov, A. Domain wall propagation in micrometric
wires: Limits of single domain wall regime. J. Appl. Phys. 2012, 111, 07E311. [CrossRef]

14. Zhukova, V.; Zhukov, A.; Blanco, ].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]


http://dx.doi.org/10.1109/JSEN.2006.874493
http://dx.doi.org/10.3390/s90402271
http://www.ncbi.nlm.nih.gov/pubmed/22574012
http://dx.doi.org/10.1016/S0304-8853(00)00291-2
http://dx.doi.org/10.1002/047134608X.W4504
http://dx.doi.org/10.1016/j.actamat.2003.08.011
http://dx.doi.org/10.1007/978-3-319-49707-5
http://dx.doi.org/10.1063/1.112104
http://dx.doi.org/10.1063/1.111170
http://dx.doi.org/10.1109/20.104526
http://dx.doi.org/10.1109/20.364811
http://dx.doi.org/10.1063/1.3672076
http://dx.doi.org/10.1016/S0304-8853(02)00520-6

Sensors 2019, 19, 4767 18 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Corte-Ledn, P; Zhukova, V.; Ipatov, M.; Blanco, ].M.; Gonzalez, J.; Zhukov, A. Engineering of magnetic
properties of Co-rich microwires by joule heating. Intermetallics 2019, 105, 92-98. [CrossRef]

Varga, R.; Zhukov, A.; Zhukova, V.; Blanco, ].M.; Gonzalez, ]. Supersonic domain wall in magnetic microwires.
Phys. Rev. B 2007, 76, 132406. [CrossRef]

Sixtus, K.J.; Tonks, L. Propagation of large Barkhausen discontinuities II. Phys. Rev. 1932, 42, 419-435.
[CrossRef]

Harrison, E.P; Turney, G.L.; Rowe, H. Electrical Properties of Wires of High Permeability. Nature 1935, 135, 961.
[CrossRef]

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, L.243-1.247. [CrossRef]

Zhukov, A.; Zhukova, V,; Blanco, ] M.; Gonzalez, J. Recent research on magnetic properties of glass-coated
microwires. . Magn. Magn. Mater. 2005, 294, 182-192. [CrossRef]

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. [CrossRef]

Honkura, Y.; Honkura, S. The Development of ASIC Type GSR Sensor Driven by GHz Pulse Current.
In Proceedings of the Ninth International Conference on Sensor Device Technologies and Applications,
SENSORDEVICES 2018, Venice, Italy, 16-20 September 2018; pp. 15-22, ISBN 978-1-61208-660-6.

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 Sensors 2009, 9,
159-168. [CrossRef]

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. Stat. Sol. 2014, 211, 980-985.
[CrossRef]

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]

Cobefio, A.F; Zhukov, A.; Blanco, ].M.; Larin, V.; Gonzalez, ]. Magnetoelastic sensor based on GMI of
amorphous microwire. Sens. Actuator A-Phys. 2001, 91, 95-98. [CrossRef]

Phan, M.H.; Peng, H.X. Giant Magnetoimedance Materials: Fundamentals and Applications. Prog. Mater. Sci.
2008, 53, 323-420. [CrossRef]

Usov, N.A.; Antonov, A.S.; Lagar’kov, A.N. Theory of giant magneto-impedance effect in amorphous wires
with different types of magnetic anisotropy. J. Magn. Magn. Mater. 1998, 185, 159-173. [CrossRef]
Aragoneses, P.; Zhukov, A.; Gonzalez, J.; Blanco, ].M.; Dominguez, L. Effect of AC driving current on
Magneto-Impedance effect. Sens. Actuator A-Phys. 2000, 81, 86-90. [CrossRef]

Sandacci, S.I.; Makhnovskiy, D.P,; Panina, L.V.; Mohri, K.; Honkura, Y. Off-diagonal impedance in amorphous
wires and its application to linear magnetic sensors. IEEE Trans. Magn. 2004, 35, 3505-3510. [CrossRef]
Antonov, A.S,; Iakubov, I.T.; Lagarkov, A.N. Nondiagonal impedance of amorphous wires with circular
magnetic anisotropy. J. Magn. Magn. Mater. 1998, 187, 252-260. [CrossRef]

Corodeanu, S.; Chiriac, H.; Ovéri, T.-A. Accurate measurement of domain wall velocity in amorphous
microwires, submicron wires, and nanowires. Rev. Sci. Instrum. 2011, 82, 094701. [CrossRef]

Allwood, D.A.; Xiong, G.; Faulkner, C.C.; Atkinson, D.; Petit, D.; Cowburn, R.P. Magnetic domain-wall logic.
Science 2005, 309, 1688. [CrossRef]

Moriya, R.; Hayashi, M.; Thomas, L.; Rettner, C.; Parkin, S.S.P. Dependence of field driven domain wall
velocity on cross-sectional area in nanowires. Appl. Phys. Lett. 2010, 97, 142506. [CrossRef]

Zhukov, A.; Blanco, ].M.; Ipatov, M.; Zhukova, V. Fast magnetization switching in thin wires: Magnetoelastic
and defects contributions. Sensor Lett. 2013, 11, 170-176. [CrossRef]

Zhukova, V.; Blanco, ].M.; Rodionova, V.; Ipatov, M.; Zhukov, A. Fast magnetization switching in Fe-rich
amorphous microwires: Effect of magnetoelastic anisotropy and role of defects. J. Alloys Compd. 2014, 586,
5287-5290. [CrossRef]

Varga, R.; Richter, K.; Zhukov, A.; Larin, V. Domain Wall Propagation in Thin Magnetic Wires.
IEEE Trans. Magn. 2008, 44, 3925-3930. [CrossRef]


http://dx.doi.org/10.1016/j.intermet.2018.11.013
http://dx.doi.org/10.1103/PhysRevB.76.132406
http://dx.doi.org/10.1103/PhysRev.42.419
http://dx.doi.org/10.1038/135961a0
http://dx.doi.org/10.1016/S0304-8853(00)00554-0
http://dx.doi.org/10.1016/j.jmmm.2005.03.033
http://dx.doi.org/10.1155/2015/718069
http://dx.doi.org/10.1109/JSEN.2008.2011067
http://dx.doi.org/10.1002/pssa.201300717
http://dx.doi.org/10.1109/TMAG.2011.2148165
http://dx.doi.org/10.1016/S0924-4247(01)00502-7
http://dx.doi.org/10.1016/j.pmatsci.2007.05.003
http://dx.doi.org/10.1016/S0304-8853(97)01148-7
http://dx.doi.org/10.1016/S0924-4247(99)00092-8
http://dx.doi.org/10.1109/TMAG.2004.835676
http://dx.doi.org/10.1016/S0304-8853(98)00114-0
http://dx.doi.org/10.1063/1.3635223
http://dx.doi.org/10.1126/science.1108813
http://dx.doi.org/10.1063/1.3494521
http://dx.doi.org/10.1166/sl.2013.2771
http://dx.doi.org/10.1016/j.jallcom.2012.09.039
http://dx.doi.org/10.1109/TMAG.2008.2001997

Sensors 2019, 19, 4767 19 of 21

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Zhukov, A.; Blanco, ].M.; Ipatov, M.; Talaat, A.; Zhukova, V. Engineering of domain wall dynamics in
amorphous microwires by annealing. J. Alloys Compd. 2017, 707, 35-40. [CrossRef]

Zhukov, A,; Talaat, A.; Ipatov, M.; Blanco, ] M.; Zhukova, V. Tailoring of magnetic properties and GMI effect
of Co-rich amorphous microwires by heat treatment. J. Alloys Compd. 2015, 615, 610-615. [CrossRef]
Zhukov, A.; Chichay, K ; Talaat, A.; Rodionova, V.; Blanco, ].M.; Ipatov, M.; Zhukova, V. Manipulation of
magnetic properties of glass-coated microwires by annealing. J. Magn. Magn. Mater. 2015, 383, 232-236.
[CrossRef]

Beato-Lopez, J.J.; Vargas-Silva, G.; Pérez-Landazabal, ].I.; Gomez-Polo, C. Giant stress-impedance (GSI)
sensor for diameter evaluation in cylindrical elements. Sens. Actuators A 2018, 269, 269-275. [CrossRef]
Praslitka, D.; Blazek, J.; Smelko, M.; Huddk, J.; Cverha, A.; Mikita, I; Varga, R.; Zhukov, A. Possibilities
of Measuring Stress and Health Monitoring in Materials Using Contact-Less Sensor Based on Magnetic
Microwires. IEEE Trans. Magn. 2013, 49, 128-131. [CrossRef]

Allue, A.; Corte-Ledn, P; Gondra, K.; Zhukova, V.; Ipatov, M.; Blanco, ].M.; Gonzalez, J.; Churyukanova, M.;
Taskaev, S.; Zhukov, A. Smart composites with embedded magnetic microwire inclusions allowing non-contact
stresses and temperature monitoring. Composites Part A 2019, 120, 12-20. [CrossRef]

Zhukov, A_; Talaat, A.; Ipatov, M.; Zhukova, V. Tailoring of High Frequency Giant Magnetoimpedance Effect
of amorphous Co-rich microwires. IEEE Magn. Lett. 2015, 6, 2500104. [CrossRef]

Zhukov, A.; Talaat, A.; Ipatov, M.; del Val, ].].; Gonzalez-Legarreta, L.; Hernando, B.; Zhukova, V. Giant
Magnetoimpedance Effect of Amorphous and Nanocrystalline Glass-Coated Microwires. In Smart Sensors,
Measurement and Instrumentation; Springer: Cham, Switzerland, 2015; ISBN 978-3-319-21670-6.

Zhukov, A.; Vazquez, M.; Velazquez, J.; Hernando, A.; Larin, V. Magnetic properties of Fe-based glass coated
microwires. J. Magn. Magn. Mater. 1997, 170, 323-330. [CrossRef]

Konno, Y.; Mohri, K. Magnetostriction measurements for amorphous wires. IEEE Trans. Magn. 1989, 25,
3623-3625. [CrossRef]

Zhukov, A.; Churyukanova, M.; Kaloshkin, S.; Sudarchikova, V.; Gudoshnikov, S.; Ipatov, M.; Talaat, A.;
Blanco, J.M.; Zhukova, V. Magnetostriction of Co-Fe-based amorphous soft magnetic microwires.
J. Electr. Mater. 2016, 45, 226-234. [CrossRef]

Herzer, G. Amorphous and nanocrystalline soft magnets. In Proceedings of the NATO Advanced Study
Insititute 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.

Zhukov, A.; Gonzalez, J.; Torcunov, A.; Pina, E.; Prieto, M.].; Cobefio, A.E,; Blanco, ].M.; Larin, S.; Baranov, V.
Ferromagnetic resonance and Structure of Fe-based Glass-coated Microwires. J. Magn. Magn. Mater. 1999,
203, 238-240. [CrossRef]

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]

Chiriac, H.; Ovari, T.-A.; Zhukov, A. Magnetoelastic anisotropy of amorphous microwires. . Magn.
Magn. Mater. 2003, 254-255, 469-471. [CrossRef]

Antonov, A.S.; Borisov, V.T.; Borisov, O.V.; Prokoshin, A.F.; Usov, N.A. Residual quenching stresses in
glass-coated amorphous ferromagnetic microwires. J. Phys. D: Appl. Phys. 2000, 33, 1161-1168. [CrossRef]
Velazquez, J.; Vazquez, M.; Zhukov, A. Magnetoelastic anisotropy distribution in glass-coated microwires.
J. Mater. Res. 1996, 11, 2499-2505. [CrossRef]

Catalan, C.F,; Prida, V.M.; Alonso, ]J.; Vazquez, M.; Zhukov, A.; Hernando, B.; Velazquez, ]. Effect of glass
coating on magnetic properties of amorphous microwires. Mater. Sci. Eng. A 1997, 438—441.

Garcia Prieto, M.].; Pina, E.; Zhukov, A.P; Larin, V.; Marin, P.; Vdzquez, M.; Hernando, A. Glass coated
Co-rich Amorphous Microwires with Improved Permeability. Sens. Actuator A-Phys. 2000, 81, 227-231.
[CrossRef]

Zhukov, A.; Rodionova, V.; Ilyn, M.; Aliev, A.M.; Varga, R.; Michalik, S.; Aronin, A.; Abrosimova, G.;
Kiselev, A.; Ipatov, M.; et al. Magnetic properties and magnetocaloric effect in Heusler-type glass-coated
NiMnGa microwires. . Alloys Compd. 2013, 575, 73-79. [CrossRef]

Ménard, D.; Britel, M.; Ciureanu, P,; Yelon, A. Giant magnetoimpedance in a cylindrical conductor. J. Appl. Phys.
1998, 84, 2805-2814. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2016.09.072
http://dx.doi.org/10.1016/j.jallcom.2014.07.079
http://dx.doi.org/10.1016/j.jmmm.2014.10.003
http://dx.doi.org/10.1016/j.sna.2017.11.040
http://dx.doi.org/10.1109/TMAG.2012.2219854
http://dx.doi.org/10.1016/j.compositesa.2019.02.014
http://dx.doi.org/10.1109/LMAG.2015.2397877
http://dx.doi.org/10.1016/S0304-8853(97)00041-3
http://dx.doi.org/10.1109/20.42381
http://dx.doi.org/10.1007/s11664-015-4011-2
http://dx.doi.org/10.1016/S0304-8853(99)00240-1
http://dx.doi.org/10.3390/cryst7060136
http://dx.doi.org/10.1016/S0304-8853(02)00875-2
http://dx.doi.org/10.1088/0022-3727/33/10/305
http://dx.doi.org/10.1557/JMR.1996.0315
http://dx.doi.org/10.1016/S0924-4247(99)00129-6
http://dx.doi.org/10.1016/j.jallcom.2013.04.083
http://dx.doi.org/10.1063/1.368421

Sensors 2019, 19, 4767 20 of 21

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Zhukov, A.; Shuvaeva, E.; Kaloshkin, S.; Churyukanova, M.; Kostitcyna, E.; Zhdanova, M.; Talaat, A.;
Ipatov, M.; Zhukova, V. Studies of interfacial layer and its effect on magnetic properties of glass-coated
microwires. J. Electr. Mater. 2016, 45, 2381-2387. [CrossRef]

Eggert, R.G. Minerals go critical. Nat. Chem. 2011, 3, 688-691. [CrossRef] [PubMed]

Dudek, C.; Adenot-Engelvin, A.L.; Bertin, F; Acher, O. Engineering of the magnetic properties of Finemet
based nanocrystalline glass-coated microwires. J. Non-Cryst. Solids 2007, 353, 925-927. [CrossRef]

Chiriac, H.; Ovari, T.A.; Marinescu, C.S. Giant magneto-impedance effect in nanocrystalline glass-covered
wires. J. Appl Phys. 1998, 83, 6584-6586. [CrossRef]

Zhukov, A.P; Talaat, A.; Ipatov, M.; Blanco, ].M.; Gonzalez-Legarreta, L.; Hernando, B.; Zhukova, V. Effect
of Nanocrystallization on Magnetic Properties and GMI Effect of Microwires. IEEE Trans. Magn. 2014, 50,
2501905. [CrossRef]

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]

Goto, T.; Nagano, M.; Wehara, N. Mechanical properties of amorphous FegyP15C3B; filament produced by
glass-coated melt spinning. Trans. JIM 1977, 18, 759-764. [CrossRef]

Zhukova, V.; Cobefio, A.F; Zhukov, A.; de Arellano Lopez, A.R.; Lépez-Pombero, S.; Blanco, ].M.;
Larin, V.; Gonzalez, J. Correlation between magnetic and mechanical properties of devitrified glass-coated
Fey;.§CuyNbs 1Sij5Bg 1 microwires. J. Magn. Magn. Mater. 2002, 249, 79-84. [CrossRef]

Zhukova, V.; Blanco, ].M.; Ipatov, M.; Gonzalez, J.; Churyukanova, M.; Zhukov, A. Engineering of magnetic
softness and giant magnetoimpedance effect in Fe-rich microwires by stress-annealing. Scr. Mater. 2018, 142,
10-14. [CrossRef]

Zhukova, V.; Ipatov, M.; Talaat, A.; Blanco, ].M.; Churyukanova, M.; Zhukov, A. Effect of stress annealing
on magnetic properties and GMI effect of Co- and Fe-rich microwires. |. Alloys Compd. 2017, 707, 189-194.
[CrossRef]

Zhukova, V.; Blanco, J.M.; Ipatov, M.; Churyukanova, M.; Taskaev, S.; Zhukov, A. Tailoring of
magnetoimpedance effect and magnetic softness of Fe-rich glass-coated microwires by stress-annealing.
Sci. Rep. 2018, 8, 3202. [CrossRef] [PubMed]

Zhukov, A,; Ipatov, M.; Churyukanova, M.; Talaat, A.; Blanco, ]. M.; Zhukova, V. Trends in optimization of
giant magnetoimpedance effect in amorphous and nanocrystalline materials. J. Alloys Compd. 2017, 727,
887-901. [CrossRef]

Corte-Leon, P; Blanco, ].M.; Zhukova, V.; Ipatov, M.; Gonzalez, J.; Churyukanova, M.; Taskaev, S.; Zhukov, A.
Engineering of Magnetic Softness and Domain Wall Dynamics of Fe-rich Amorphous Microwires by
Stress-induced Magnetic Anisotropy. Sci. Rep. 2019, 9. [CrossRef] [PubMed]

Talaat, A.; Del Val, J.J.; Zhukova, V.; Ipatov, M.; Klein, P; Varga, R.; Gonzalez, J.; Zhdanova, M.;
Churyukanova, M.; Zhukov, A. Effect of annealing on magnetic properties of nanocrystalline Hitperm-type
glass-coated microwires. J. Alloys Compd. 2016, 660, 297-303. [CrossRef]

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]

Zhukov, A.; Corte-Leon, P; Blanco, ].M.; Ipatov, M.; Gonzalez, J.; Zhukova, V. Engineering of Magnetic
Properties of Fe-Rich Microwires by Stress Annealing. IEEE Trans. Magn. 2019, 55, 2000504. [CrossRef]
Lachowicz, H.; Garcia, K.L.; Kuzminski, M.; Zhukov, A.; Vazquez, M. Skin effect and circumferential
permeability in micro-wires utilized in GMI-sensors. Sens. Actuator A-Phys. 2005, 119, 384-389. [CrossRef]
Vazquez, M.; Chen, D.-X. The magnetization reversal process in amorphous wires. IEEE Trans. Magn. 1995,
31, 1229-1239. [CrossRef]

Takajo, M.; Yamasaki, J.; Humphrey, EB. Domain Structure of Chemically Thinned Fe-Si-B Amorphous Wires.
IEEE Trans. Magn. 1999, 35, 3904-3906. [CrossRef]

Zhukov, A.; Ipatov, M.; Corte-Leén, P.; Gonzalez-Legarreta, L.; Churyukanova, M.; Blanco, ].M.;
Gonzalez, ].; Taskaev, S.; Hernando, B.; Zhukova, V. Giant magnetoimpedance in rapidly quenched
materials. J. Alloys Compound. 2020, 814, 152225. [CrossRef]

Chichay, K.; Zhukova, V.; Rodionova, V.; Ipatov, M.; Talaat, A.; Blanco, ].M.; Gonzalez, J.; Zhukov, A.
Tailoring of domain wall dynamics in amorphous microwires by annealing. |. Appl. Phys. 2013, 113, 17A318.
[CrossRef]


http://dx.doi.org/10.1007/s11664-015-4319-y
http://dx.doi.org/10.1038/nchem.1116
http://www.ncbi.nlm.nih.gov/pubmed/21860456
http://dx.doi.org/10.1016/j.jnoncrysol.2006.12.062
http://dx.doi.org/10.1063/1.367926
http://dx.doi.org/10.1007/s11664-014-3370-4
http://dx.doi.org/10.1007/BF02643346
http://dx.doi.org/10.2320/matertrans1960.18.759
http://dx.doi.org/10.1016/S0304-8853(02)00509-7
http://dx.doi.org/10.1016/j.scriptamat.2017.08.014
http://dx.doi.org/10.1016/j.jallcom.2016.10.178
http://dx.doi.org/10.1038/s41598-018-21356-3
http://www.ncbi.nlm.nih.gov/pubmed/29453403
http://dx.doi.org/10.1016/j.jallcom.2017.08.119
http://dx.doi.org/10.1038/s41598-019-48755-4
http://www.ncbi.nlm.nih.gov/pubmed/31455829
http://dx.doi.org/10.1016/j.jallcom.2015.11.102
http://dx.doi.org/10.1002/pssa.201532552
http://dx.doi.org/10.1109/TMAG.2018.2866452
http://dx.doi.org/10.1016/j.sna.2004.10.017
http://dx.doi.org/10.1109/20.364813
http://dx.doi.org/10.1109/20.800703
http://dx.doi.org/10.1016/j.jallcom.2019.152225
http://dx.doi.org/10.1063/1.4795617

Sensors 2019, 19, 4767 21 of 21

80.

81.

82.

83.

84.

85.

Schryer, N.L.; Walker, L.R. The motion of 180° domain walls in uniform dc magnetic fields. J. Appl. Phys.
1974, 45, 5406-5421. [CrossRef]

Richter, K.; Varga, R.; Zhukov, A. Influence of the magnetoelastic anisotropy on the domain wall dynamics in
bistable amorphous wires. J. Phys. C: Condens. Matter. 2012, 24, 296003. [CrossRef] [PubMed]

Kunz, A.; Reiff, S.C. Enhancing domain wall speed in nanowires with transverse magnetic fields. J. Appl. Phys.
2008, 103, 07D903. [CrossRef]

Yang, J.; Beach, G.S.D.; Knutson, C.; Erskine, ].L. Magnetic domain-wall velocity enhancement induced by a
transverse magnetic field. J. Magn. Magn. Mater. 2016, 397, 325-332. [CrossRef]

Bryan, M.T; Schrefl, T.; Atkinson, D.; Allwood, D.A. Magnetic domain wall propagation in nanowires under
transverse magnetic fields. J. Appl. Phys. 2008, 103, 073906. [CrossRef]

Zhukova, V.; Blanco, ].M.; Ipatov, M.; Zhukov, A. Effect of transverse magnetic field on domain wall
propagation in magnetically bistable glass-coated amorphous microwires. J. Appl. Phys. 2009, 106, 113914.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1063/1.1663252
http://dx.doi.org/10.1088/0953-8984/24/29/296003
http://www.ncbi.nlm.nih.gov/pubmed/22738886
http://dx.doi.org/10.1063/1.2829032
http://dx.doi.org/10.1016/j.jmmm.2015.08.071
http://dx.doi.org/10.1063/1.2887918
http://dx.doi.org/10.1063/1.3266009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Results and Discussion 
	Optimization of Magnetic Softness and GMI Effect in Magnetic Microwires 
	Tailoring of Magnetic Properties and Gmi Effect in Co-Rich Amorphous Microwires 
	Tailoring of Gmi Effect and Domain Wall Dynamics in Fe-Rich Microwires 

	Conclusions 
	References

