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Abstract

The impact of post-processing on soft magnetic properties and the giant magnetoimpedance (GMI) effect of Fe- and
Co-based glass-coated microwires is evaluated. A remarkable improvement of magnetic softness and GMI effect is
observed in Fe-rich glass-coated microwires subjected to stress annealing. Frequency dependence of GMI ratio of stress-
annealed Fe-rich microwires has been discussed considering frequency dependence of the skin penetration depth, 3, as
well as magnetic anisotropy distribution within the metallic nucleus. Annealed and stress-annealed Co-rich microwires
present rectangular hysteresis loop and single and fast domain wall propagation. However, Co-based stress-annealed
microwires present high magnetoimpedance ratio. Observed stress-induced anisotropy and related changes of magnetic
properties are discussed considering internal stresses relaxation and “back-stresses”. Copyright © 2019 VBRI Press.
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Introduction

Soft magnetic wires can present magnetic properties
suitable for industrial applications such as the giant
magnetoimpedance (GMI) effect or magnetic bistability
related to the large and single Barkhausen jump [1-9].

These properties can be observed either in
crystalline or in amorphous magnetic wires, but
amorphous magnetic wires present several advantages,
such as superior mechanical properties, the absence of
the microstructure defects (grain boundaries, crystalline
texture, dislocations, point defects,...) [6, 10] and
therefore long and precise post-processing is not
required. For these reasons, amorphous wires have
attracted considerable attention since the 70-s [2-10].

Glass-coated magnetic microwires prepared using
the Taylor-Ulitovsky technique with thin metallic
nucleus (typically with diameters from 0.5 to 50 pm)
covered by flexible, insulating and biocompatible glass
are quite demanded for a great number of applications
[8, 9, 11-16]. The Taylor-Ulitovsky method for glass-
coated microwires preparation is known since the 60-s
[17]. This technique allows preparation of the thinnest
rapidly quenched magnetic wires.

In amorphous materials the magnetocrystalline
anisotropy is absent. Therefore, the magnetoelastic
anisotropy becomes one of the most important
parameters that determine the magnetic properties of
amorphous magnetic materials [6, 18-20].

The magnetoelastic anisotropy, Kme, is given as [21]:

Kme = 3/2450; )
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where As is the magnetostriction coefficient and o; is the

internal stresses value.

In the case of glass-coated microwires the
magnetoelastic anisotropy contribution is even more
relevant since the preparation process involves not only
the rapid quenching itself, but also simultaneous
solidification of the metallic nucleus surrounded by the
glass-coating with rather different thermal expansion
coefficients [6, 2, 22, 23]. The strength of internal
stresses, oi, is basically affected by the three main
factors: i) quenching stresses associated to the melt
quenching of the metallic alloy; ii) stresses related to
the different thermal expansion coefficients of metallic
ingot and glass simultaneously solidifying and iii)
stresses associated to the drawing of solidifying wire
[22-24].

Consequently, as regarding magnetic properties the
as-prepared microwires are usually classified into three
main groups:

e Fe-based microwires with positive (A= 10°) /s -
values presenting spontaneous magnetic bistability
(rectangular hysteresis loop);

e Co-based wires with negative (1s= - 10®) A -values
exhibiting almost non-hysteretic linear
magnetization curves with rather high magnetic
anisotropy field,;

e Co-based wires with vanishing /s —values (is= - 107)
presenting best magnetic softness [6].

Fe-rich glass-coated microwires usually present the
magnetic bistability effect and hence fast magnetization
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switching by rapid domain wall (DW) propagation [6].
However, Fe-based microwires are less-expensive and
present a number of advantages, i.e. higher saturation
magnetization [6]. Additionally, Co belongs to critical
raw materials [25]. As a consequence, the insecure
supplies of Co could hinder the development of new
technologies related to massive applications.
Accordingly, Fe-based microwires are preferable for
large scale applications. But generally as-prepared Fe-
rich microwires present much lower GMI effect than
Co-rich microwires [6].

Therefore, certain efforts have been paid to
optimization of the magnetic softness and GMI effect in
Fe-rich microwires [26-29]. One of the routes for GMI
effect improvement of Fe-rich microwires consists of
devitrification of amorphous precursor allowing drastic
decreasing of the magnetostriction coefficient [26, 27].
But the disadvantage of nanocrystalline materials is
poorer mechanical properties limiting possible
applications.

The alternative route is the development of the
induced transverse magnetic anisotropy by specially
designed annealing allowing keeping the amorphous
structure and hence maintaining superior mechanical
properties. Recently, we demonstrated that the magnetic
anisotropy induced by stress-annealing with transverse
easy magnetization direction is beneficial for
improvement of magnetic softness and GMI ratio [6,
19, 28-32].

It is worth mentioning that the main technological
interest in soft magnetic wires is related to the GMI
effect for which high circumferential magnetic
permeability observed in properly processed magnetic
wires is essentially important. The GMI effect provides
excellent opportunity for design of magnetic sensors
and magnetometers owing to extremely high magnetic
field sensitivity (few hundred percent change of
impedance under low external magnetic field reported
for amorphous wires) [5-8, 11-13, 31].

The GMI effect is usually characterized by the
GMI ratio, AZ/Z, defined as:

AZ/Z = [Z(H) — Z(Hmax)]/Z(Hmax) 2

where Hmax is the maximum applied DC magnetic
field.

The origin of the GMI is commonly attributed
to the classical skin effect of magnetic conductor [2, 3,
20].

Up to now the highest GMI ratio is reported for
Co-rich glass-coated microwires with nearly-zero
magnetostriction coefficient [20, 21]. Thin glass-coated
microwires prepared by so-called Taylor-Ulitovsky
method with typical metallic nucleus diameters of the
order of a few um are one of the most promising
materials for creation of magnetic sensors and
magnetometers.

Consequently, in this paper we present our recent
experimental results on post- processing of magnetic
microwires with aim to achieve better magnetic
softness and GMI effect.

Copyright © 2019 VBRI Press
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Experimental
Materials / chemicals details

We selected typical Fe-rich (FezsBoSi12Cs) and Co-rich
(C069,2F64,1511,3Si13,3C1,1) aIons in which the phase
diagram presents deep eutectic. Such chemical
compositions were used previously for preparation of
amorphous Fe-rich and Co-rich microwires [6].

Material synthesis / reactions

Glass-coated FezsBgSii2Cs (metallic nucleus diameter,
d=15.2 um, total diameter, D=17.2 um) and
COeg_zFe4,1811_3Si13_301,1 (d:25.6 pm, D=30.2 um)
microwires with  positive and low negative
magnetostriction coefficients, A, respectively have been
prepared by Taylor-Ulitovsky technique described
elsewhere [6, 20, 21].

Samples annealing has been performed in a
conventional furnace.

The tensile stress has been applied during the
annealing as well as during the sample cooling with the
furnace. The mechanical load has been attached to the
microwire during the annealing and slow cooling with
the furnace.

The stress value during the annealing within the
metallic nucleus and glass shell has been evaluated as
described earlier [28, 30]:

K.P _ P
K Sm+Sgi’ Ig1 = % Sm+Sg1

@)

where, K =Ey/Ei, E;j are the Young’s moduli of the
metal (E>) and the glass (E1) at room temperature, P is
the applied mechanical load, and S, and Sg are the
cross sections of the metallic nucleus and glass coating
respectively.

Om =

Characterizations / response measurements

Hysteresis loops have been measured using fluxmetric
method previously described elsewhere [21, 23]. We
represent the normalized magnetization, M/Mo versus
magnetic field, H, where M is the magnetic moment at
given magnetic field and Mo is the magnetic moment of
the sample at the maximum magnetic field amplitude,
Hm.

For GMI characterization we used GMI ratio,
AZ/Z, defined by eq. (2).

As previously described [32], we used micro-strip
sample holder placed inside a sufficiently long solenoid
that creates a homogeneous magnetic field, H. The
sample impedance, Z, was measured using vector
network analyzer from the reflection coefficient Sy
using expression [32]:

Z=Zy(1+5,1)/A—511) 4)
where, Z;=50 Ohm is the characteristic impedance of
the coaxial line. Employed GMI measurements method
allows evaluation of the GMI effect in extended
frequency, f, range up to GHz frequencies.

For GMI characterization we used GMI ratio
defined by eq. (2).
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The DW velocity, v, was evaluated using modified
Sixtus-Tonks-like setup described elsewhere [4]. In this
setup 3 pick-up coils are mounted along the microwire
placed inside the long solenoid allowing measurement
of the DW velocity at different external magnetic field
[4].

The propagating DW induces electromotive force
(emf) in the coils which are picked up by the digital
oscilloscope. Then, the DW velocity is estimated as:

L
V—At 5)

where, | is the distance between a pair of pick-up coils
and 4t is the time difference between the maximum in
the induced emf.

Results and discussion

Studied Co-rich and Fe-rich as-prepared microwires
present rather different magnetic properties and hence
GMI effect: i) FessBoSioCs microwires present
perfectly rectangular hysteresis loops typical for
Fe-rich  microwires with high and positive
magnetostriction coefficient, s, (4s =35x10%) exhibiting
magnetic bistability. However, Cogg2Fes.1B11.8Si138C1.1
microwires present linear hysteresis loops previously
reported for Co-based glass-coated microwires with low
and negative s (As = -107) [6, 21] (see Fig. 1a and
Fig. 1b). Coercivity, Hc, of FessBgSii2Cs microwires
(about 55 A/m) is about an order of magnitude higher
that of CoggoFe4.1B118Si138C11 microwires.

11 (a) [
0 ] 1
14
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] 1 i
="1(b)
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1
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=
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J rrrrrr 190 MPa
N 900 MPa

-400 200 0 200 400
H (A/m)
Fig. 1. Hysteresis loops of as-prepared Fes;sBgSi;,Cs (a) and (b)
Co0g9.2F€41B118Si138C11 microwires. (c) Hysteresis loops of as-

prepared and stress-annealed at T.,n=300° C (190 and 900 MPa)
FezsBoSis2C4 microwires.
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Accordingly, magnetically softer Cogg2Fes1B11s
Si138C1.1 microwires exhibit an order of magnitude
higher GMI ratio than FezsBgSi12Cs microwires (see
Fig. 2).

300
2 200
N
N
<
100 -
0 T
-10 0 10
H(kA/m)

Fig. 2. AZ/Z(H) dependences of as-prepared CogooFes1B118Si138C11
and FezsBgSi;2C4 measured at 100 MHz.

Stress annealing of Fe based microwires allowed
considerable magnetic softening (coercivity decreasing)
and inducing of transverse magnetic anisotropy as can
be observed from hysteresis loops measured in stress-
annealed FessBgSi12Cs4 microwires (Fig. 1c). Magnetic
properties are considerably affected by the stress, om,
applied during the stress annealing: induced transverse
magnetic anisotropy becomes more noticeable with
increasing of om -values.

Accordingly, remarkable improvement of GMI
ratio is observed in stress-annealed FezsBgSi12Ca
microwires: improvement of AZ/Z —values by an order
of magnitude is achieved (Fig. 3a).

As-prepared
60 (a) —— 190 MPa
900 MPa
S
N
N 30
<
0
10 0 10
H(KA/m)
A « ——30MHz
1004 P Iy
(b) / /Y --- 600 MHz

AZIZ(%)

H(kA/m)

Fig. 3. (a) 4Z/Z(H) dependencies of as-prepared and stress-annealed
at Tann=350° C (190 and 900 MPa) FessBoSii,C4 microwires measured
at 100 MHz. (b) AZ/Z(H) dependencies of stress-annealed at
Tann=300° C (900 MPa) Fe;sBSi;,C4 microwires measured at 30 and
600 MHz.
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Observed AZ/Z(H) dependencies present irregular
shape that can be interpreted as the superposition of
double-peak AZ/Z(H) dependence (more appreciable for
the sample stress-annealed under o = 900 MPa) and
decay of AZ/Z with magnetic field, H.

It is worth mentioning that for low enough
frequency (30 MHz) AZ/Z(H) dependence of stress-
annealed (900 MPa) FezsBgSi12Cs microwires presents a
maximum at H = 0 (decay of AZ/Z with magnetic field,
H). However, at more elevated frequencies (f = 600
MHz) a double-peak AZ/Z(H) dependence is observed
(see Fig. 3b).

Observed effect of frequency on AZ/Z(H)
dependence can be explained considering frequency
dependence of the skin penetration depth, J, as well as
magnetic anisotropy distribution within the metallic
nucleus.

It is well established [20, 33], that the penetration
skin depth decreases with the frequency increasing.

The penetration depth of the AC current, 4, is given
by [2, 3]:

§=(no-py-f)" (6)
where ¢ is the electrical conductivity and w4 - the
circumferential magnetic permeability.

At relatively low frequency of 10 MHz, the skin
depth is comparable and even higher than the microwire
radius and the current is flowing through the whole
ferromagnetic nucleus.

On the other hand, experimentally confirmed [34-
36] that the magnetic domain structure of magnetic
wires consists of outer domain shell with circular
magnetization orientation and inner axially magnetized
core.

Observed influence of stress-annealing on
hysteresis loop of FersBgSi12Cs microwires can be
associated with changes of domain structure after
stress-annealing.

The inner axially magnetized core radius, R, that
can be estimated from squireness ratio, M/Ms as [34,
35]:

Rc = R(M,/Ms)"/? (7)

being R- microwire radius.

Consequently, from M,/M; values we evaluated the
dependence of the radius of inner axially magnetized
core, Re, on om. As can be observed from Fig. 4,
Rc -values progressively decrease with increasing of
om -values.

Considering results presented in Fig. 4 we can
explain the observed influence of stress-annealing on
AZIZ(H) dependencies as following:

For low o -values the volume of the outer domain
shell is small (at om =190 MPa Rc is only slightly lower
than R). Consequently, stress annealed FezsBgSii2Ca
(190 MPa) microwire presents predominantly axial
anisotropy (as confirmed by Fig. 3c). Increasing the
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om -values the volume of the outer domain shell grows.
Therefore, double-peak AZ/Z(H) dependence becomes
more evident (as also confirmed by Fig. 4). At elevated
frequencies the presence of the circumferential
magnetic anisotropy near the surface of metallic
nucleus becomes more relevant. Therefore, at elevated
frequencies (500 MHz) the double-peak AZ/Z(H)
dependence in stress annealed FezsBgSii2Cs (900 MPa)
becomes visible.

64 -
N

€ R
3 3 S
~5 ~
h'd o .

0 o o)

0 400 800

on(MPa)

Fig. 4. Dependence of radius of inner axially magnetized core, R, on
stress applied during the annealing in Fe;sBoSi;C4 microwire.
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Fig. 5. Hysteresis loops of as-prepared (a) and annealed and
stress-annealed (on =~ 80 MPa) at 300 °C for 60 min
(b) Cog9.2Fe4.1B116Si136C1.1 microwires.

Upon annealing the hysteresis loop of Co-rich
microwires becomes rectangular presenting
considerable magnetic hardening (see Fig. 5). However,
stress-annealed  Cogg2Fe41B118Sii38C11  microwires
present lower coercivity as compared to annealed
without stress microwires (see Fig. 5b). In spite of
magnetic hardening and rectangular hysteresis loop
stress-annealed Coso.2F€4.1B11.8Si138C1.1 microwires still
present high GMI effect of the order of 200% (at 100
MHz, see Fig. 6).
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Fig. 6. Comparison of Az/Z (H) dependencies of as-prepared and
stress-annealed C0gg2F€s1B118Si138C11 microwire (Tann = 300 °C, tany
= 5 min, o, = 80 MPa).

Hysteresis loops of Co-rich microwires observed
after stress-annealing present features similar to that of
Fe-rich microwires and annealed Co-rich microwires,
i.e. rectangular shape that must be related to presence of
single and large Barkhausen jump and induced
magnetic bistability. Therefore, similarly to annealed
without stress Co-rich microwires [37] stress-annealed
Cogg.2Fe41B116Si138C11  microwires  present  single
domain wall (DW) propagation. From Fig. 7 we can
observe that similarly to FezsBeSii12Cs microwire stress-
annealed Cog92F€41B118Si138C1.1 microwires present
linear dependence of DW velocity, v, on magnetic field,
H (see Fig. 7). However, v-values observed in stress-
annealed Cogg2F€41B118Si138C11 microwires at the
same H-values are almost twice superior to
FezsBoeSi12Ca microwire (Fig. 7).

1500
s Fe-rich
o Co-rich
1000 -
@
£
> 500
0 . .
20 40 60

H(A/m)
Fig. 7. v(H) dependencies of as-prepared FessBgSi;,Cs and
stress-annealed (Tam = 300 °C, tym = 60 min, o, = 80 MPa)
0059_2F64_1Bl1_gsi13_801_1 microwires.

Consequently, stress annealing of ferromagnetic
microwires allows achievement of interesting
combination of magnetic properties. In the Fe-rich
microwires  stress-annealing  allows  remarkable
improvement of magnetic softness and GMI effect.
Stress-annealed Co-rich microwires can simultaneously

Copyright © 2019 VBRI Press
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present single and fast domain wall (DW) propagation
and high GMI effect.

The origin of stress-induced anisotropy in
amorphous materials is previously discussed in terms of
either “back stresses” or directional pair ordering
[28-30, 38, 39].

Generally, pair ordering mechanism is assumed for
amorphous alloys with two or more magnetic elements.
Since one of studied microwire (FessBgSi12Cs) contains
only one transition metal we consider that the back
stresses mechanism of stress-induced anisotropy is
more probable.

It is worth mentioning that previously GMI effect
has been studied in various soft magnetic materials
[1, 18, 20, 21, 27, 32, 40-44]. The comparison
summarizing the previous achievements on GMI effect
of magnetic materials is provided in Table 1.

Table 1. Summary of the previous literatures on Giant Magneto-
Impedance effect of magnetic materials.

Magnetic materials / Maximum GMI

preparation method ratio, AZ/Zyax (%) Source

Crystalline, mumetal wire/ [1]
40

annealed

Amorphous, Co-rich wire/in-

rotating water 350 [18]

Amorphous, Co-rich

wire/melt extracted 450 [40]

Co-rich/sputtered thin films, 40 [41]

filed annealed

Amorphous Co-rich, glass-
coated microwire/Taylor- 600 [20]
Ulitovsky, Joule heated

Amorphous Co-rich, glass-
coated microwire/ Taylor- 615 [21]
Ulitovsky, as-prepared

Amorphous Co-rich, glass-

coated microwire/Taylor- 650 [42]
Ulitovsky, Joule heated

Nanocrystalline Fe-rich 120 [43]
wires/in-rotating water,

annealed

Nanocrystalline Fe- 125 [27]

rich,glass-coated
microwire/Taylor-Ulitovsky,
annealed

Amorphous Fe-Ni rich glass- 45 [44]
coated microwire/Taylor-
Ulitovsky, annealed

Amorphous Fe-rich glass- 30 [32]
coated microwire/Taylor-
Ulitovsky, as-prepared

Amorphous Fe-rich glass- 125 [32]
coated microwire/Taylor-
Ulitovsky, stress-annealed

As can be appreciated from provided above
comparison of the previous achievements on GMI
effect the highest GMI ratios are achieved for
amorphous magnetically soft wires. Additionally, the
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appropriate post-processing is a useful tool for GMI
effect optimization.

Conclusion

We observed that the stress-annealing allows
remarkable improvement of GMI effect in Fe-rich
microwires and observation of unique combination of
magnetic  properties in  Co-rich  microwires:
simultaneous observation of single domain wall
propagation and still high GMI effect in Co-rich
microwires. An order of magnitude GMI ratio and
magnetic softness improvement in Fe-rich microwires
is demonstrated.

Influence of frequency on AZ/Z(H) dependence in
stress-annealed Fe-rich microwires has been explained
considering frequency dependence of the skin
penetration depth, 4, as well as magnetic anisotropy
distribution within the metallic nucleus.

For interpretation of observed effect of stress
annealing we considered internal stresses relaxation
after annealing and interplay of compressive “back-
stresses” arising after stress annealing and axial internal
stresses and change of the spatial distribution of the
magnetic anisotropy and hence the domain structure
inside the microwire and near the surface.

The future scope of our research will be focused on
magnetic ~ wires  miniaturization and  further
development of appropriate post-processing.
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