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Abstract: Magnetic microwires with amorphous structures can present a unique combination of excel-
lent magnetic softness and giant magnetoimpedance (GMI) effects together with reduced dimensions
and good mechanical properties. Such unique properties make them suitable for various technologi-
cal applications. The high GMI effect, observed in as-prepared Co-rich microwires, can be further
optimized by postprocessing. However, unexpected magnetic hardening and a transformation of the
linear hysteresis loop into a rectangular loop with a coercivity on the order of 90 A/m were observed
in several Co-rich microwires upon conventional annealing. Several routes to improve magnetic
softness and GMI effect in Fe- and Co-rich magnetic microwires are provided. We observed that stress
annealing could remarkably improve the magnetic softness and GMI ratio of Co-rich microwires.
Thus, almost unhysteretic loops with a coercivity of 2 A/m and a magnetic anisotropy field of about
70 A/m are achieved in Co-rich microwires stress annealed at appropriate conditions. The observed
change in hysteresis loops and the GMI effect is explained by stress-annealing-induced anisotropy,
which is affected by the stresses applied during annealing and by the annealing temperature. While
as-prepared Fe-rich amorphous microwires present a low GMI effect, appropriate postprocessing
(annealing and stress annealing) allows for a remarkable GMI ratio improvement (an order of magni-
tude). The evaluated dependence of the maximum GMI ratio on frequency allows the identification
of the optimal frequency band for the studied samples. The origin of stress-annealing-induced
anisotropy and related changes in hysteresis loops and the GMI effect are discussed in terms of the
relaxation of internal stresses, “back-stresses”, as well as structural anisotropy.

Keywords: magnetic microwires; magnetic anisotropy; magnetoimpedance effect; hysteresis loops;
internal stresses; induced magnetic anisotropy

1. Introduction

Unusual magnetic properties, such as ultrafast domain-wall propagation intrinsically
related to magnetic bistability [1-4] and/or giant magnetoimpedance (GMI), an effect
linked to excellent magnetic softness [5-9], make amorphous magnetic wires attractive
for the development of several technological applications [10-15]. The above-mentioned
GMI effect consists of a substantial change in the impedance, Z, of a magnetic conductor
under the influence of an applied DC magnetic field [5-9]. Accordingly, studies of magnetic

Processes 2024, 12, 556. https:/ /doi.org/10.3390/pr12030556

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12030556
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-2926-9826
https://orcid.org/0000-0002-2073-5798
https://orcid.org/0000-0001-5801-9191
https://orcid.org/0000-0003-3007-7175
https://orcid.org/0000-0002-2326-8419
https://orcid.org/0000-0003-4946-022X
https://orcid.org/0000-0001-5025-4859
https://doi.org/10.3390/pr12030556
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12030556?type=check_update&version=1

Processes 2024, 12, 556

20f 18

properties and the GMI effect of amorphous magnetic wires have attracted substantial
attention for several decades [10,16].

It is worth noting that generally amorphous materials present not only excellent
magnetic properties (magnetic bistability, fast domain-wall propagation, extremely low
coercivity, or GMI effect) but also superior mechanical properties [17,18], making them
attractive for various emerging applications, such as magnetoelastic sensors or smart
composites [14,19,20]. Additionally, amorphous materials usually have better corrosion
properties [21].

The application possibilities can be considerably extended if the above-mentioned
properties (corrosion and mechanical properties) are further improved. As demonstrated
elsewhere [18], better mechanical properties can be obtained in materials with lower
dimensions. Additionally, functional coatings (e.g., insulating glass) can also improve the
corrosion properties and even the mechanical properties of fragile crystalline magnetic
wires [10,22].

Therefore, studies of amorphous magnetic wires with reduced diameters have become
relevant over the last three decades [9,10,16].

Among the most effective solutions for the preparation of thin amorphous magnetic
wires coated with functional coating is the so-called Taylor-Ulitovsky technique, allowing
the manufacturing of magnetic microwires covered with flexible, insulating, and biocom-
patible glass coating [10,23]. The presence of glass-coating (required by the fabrication
process) allows the possibility of reducing the diameter of the metallic nucleus diameter
of such glass-coated microwires up to 100 nm [24]. However, glass-coated microwires
with amorphous structures can be obtained with diameters up to 100 pm [25]. In fact, the
Taylor-Ulitovsky fabrication method was developed years ago principally for the fabri-
cation of non-magnetic glass-coated microwires [26], and the preparation of amorphous
glass-coated microwires was reported in the 1970s [27].

The perfectly cylindrical geometry of metallic nuclei in glass-coated microwires is
especially beneficial for the realization of such unique magnetic properties as spontaneous
magnetic bistability [3,4] or the GMI effect [9,10].

The GMI effect is intrinsically related to the magnetic softness of magnetic materials
and consists of a large change in the impedance, Z, of a magnetically soft conductor under
the action of an applied magnetic field [5-7]. Usually, the GMI effect is expressed as the
GMl ratio, AZ/Z, given as [5-7]

AZ/Z = [Z(H) - Z(Hmﬂx)]/Z(Hmﬂx)'loo (1)

where H represents the given DC magnetic field, and Hy,, represents the maximum applied
DC magnetic field (typically about a few kA /m).

In the case of Co-rich magnetic wires, AZ/Z values typically of 200-300% are re-
ported [5-7]. However, in carefully processed magnetic microwires, AZ/Z values up to
650% have been achieved [9,10,28,29]. Typically, such changes in impedance appear upon
rather low applied magnetic fields (below 10 kA /m).

Accordingly, the GMI effect is characterized by quite a high (up to 10%/A/m) magnetic

field sensitivity, #, given as
n= (2)

oH

Such n values, reported for the GMI effect in properly processed magnetic microwires,
are among the largest observed for non-cryogenic effects.

The aforementioned high GMI effect is related to an extremely high impedance sensi-
tivity to external stimuli, like magnetic fields, or even to applied stress. Elevated AZ/Z and
1 values are suitable for the development of high-performance magnetic field sensors and
magnetometers [11-13].




Processes 2024, 12, 556

30f18

Such advanced features of amorphous wires with GMI effect permitted the devel-
opment of high-performance sensors suitable for monitoring of biomagnetic fields with
pico-Tesla sensitivity [11,13].

The GMI effect origin is satisfactorily explained in terms of the variation in the skin
depth, A, of an AC electrical current flowing through a magnetically soft conductor under
an applied magnetic field, H [5-9]. Such strong A variation upon applying a magnetic field
in a soft magnetic conductor is attributed to the high circumferential magnetic permeability,
ty, of magnetic wires. The relationship between A and p is given by [5,9]

A= 3)

Vo U f

where ¢ represents the electrical conductivity, and f represents the AC electric current
frequency.

Therefore, the GMI effect can be observed in magnetic materials with high magnetic
permeability and good magnetic softness, the main prerequisite for a high GMI effect [5-9].

The magnetic softness of amorphous materials is commonly attributed to a liquid-like
structure characterized by the absence of defects typically found in crystalline materials
(dislocations, grain boundaries, and twin boundaries). However, there are several sources
of magnetic anisotropy, such as magnetoelastic anisotropy, surface irregularities, or short-
range ordering (clusters, interstitial impurities, pair ordering, internal stresses, etc.), that can
affect the magnetic softness of amorphous materials [30,31]. Accordingly, a generally better
magnetic softness is reported for amorphous materials with vanishing magnetostriction
coefficient, As [32-34]. Such nearly-zero A5 values can be observed for Co-rich compositions,
particularly in CoxFe;_4 or CoxMnj_y alloys with 0.03 < x < 0.08 [32-35].

The other source of the magnetoelastic anisotropy of amorphous materials is the
internal stresses arising during the fabrication process [9,10]. In amorphous wires, the main
source of internal stresses is associated with the fabrication process involving rapid melt
quenching [31,32,36]. However, in glass-coated microwires, the contribution of internal
stresses induced by different thermal expansion coefficients of the metallic alloy and the
glass is even higher [10,23,37]. Such internal stresses have a complex character, with the
highest axial component within the main part of the metallic nucleus [23,37]. Such character
of internal stresses, together with compositional A; dependence, results in a strong axial
magnetic anisotropy in Fe-rich glass-coated microwires with high and positive As values
(up to 40 x 10~°). Therefore, as-prepared Fe-rich microwires usually present a rectangular
character of hysteresis loops with relatively low j,, values and, hence, a low GMI effect [38].
However, Co is relatively expensive and even belongs to critical raw materials [39].

As mentioned above, up to now, the highest AZ/Z values of up to 650% have been
achieved in carefully processed magnetic microwires [9,10,28,29]. However, achieved
AZ/Z values are substantially below the theoretically predicted AZ/Z ~ 3000% [7,9]. The
performance of sensors and devices based on the GMI effect can be significantly improved
by using materials with a higher GMI effect. Therefore, certain attention has been paid
to studies of postprocessing to allow magnetic softness and GMI effect improvement in
less expensive Fe-based microwires [10,38]. On the other hand, there are several successful
attempts to improve magnetic softness and GMI effect even in Co-rich microwires [40].

Consequently, in this paper, we provide an overview of the routes allowing optimiza-
tion of the magnetic softness and GMI effect in Fe- and Co-rich glass-coated amorphous
microwires.

2. Materials and Methods

We prepared several Fe-, Fe-Co-, and Fe-Co-Ni-based glass-coated microwires with
either positive or vanishing magnetostriction coefficients, As, using the Taylor-Ulitovsky
preparation method described in detail elsewhere [9,10,23,37].

Briefly, the fabrication procedure consists of melting a pre-prepared metallic alloy
(typically of a few grams) with a high-frequency inductor (often 350-500 kHz) inside
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a Pyrex-like glass tube. After that, a capillary is formed from the softened glass tube,
which is captured by a rotating receiving spool [10,23,37]. The molten metallic alloy then
fills the glass capillary, forming a microwire with a metallic nucleus fully covered with a
continuous, thin, and flexible glass coating. A stream of coolant is used to achieve a high
enough quenching rate of a composite metallic microwire covered with an insulating glass
coating [10].

The hysteresis loops have been measured using the fluxmetric technique, previously
described elsewhere [40]. This experimental technique was previously successfully em-
ployed for the characterization of magnetically soft microwires [40]. The studied samples
were magnetized along the axial direction by 120 mm long and thin (8 mm in diameter)
magnetization coil, producing a homogeneous magnetic field, H. For a better comparison
of samples with different chemical compositions, the hysteresis loops were represented
as the dependencies of normalized magnetization M/M, on H (where M, represents the
magnetic moment of the samples at maximum amplitude H, of magnetic field).

The dependencies of microwire impedance, Z, and GMI ratio, AZ/Z (defined by
Equation (1)) on the applied magnetic field have been measured using a specially designed
microstrip sample holder placed inside a sufficiently long solenoid allowing the creation of
a homogeneous magnetic field, H. The sample impedance, Z, was measured using a vector
network analyzer from the reflection coefficient S1; as described elsewhere [41]. The use of
such a technique allowed us to measure AZ/Z(H) dependencies in the frequency range up
to the GHz range [41].

The magnetostriction coefficients, A;, of the samples have been measured using the
small-angle magnetization rotation (SAMR) method, recently adapted for measurements of
magnetic microwires [34].

The compositions, geometrical parameters, and A; values of studied samples are
provided in Table 1.

Table 1. Compositions and geometries of studied glass-coated microwires.

Metallic Total . Magnetostriction
e Nucleus . Ratio . .
Composition . Diameter, Coefficient,
Diameter, D (um) p=d/lD L % 10-6
d (um) 3 s
Fe75B95112C4 15.2 17.2 0.88 38
Fe65Sil5B15C5 12.6 20 0.63 38
F68C051N1183138110 12.8 15.8 0.81 —-0.3
C059'2Fe3.5Ni1312'5Si11C1'2M01'5 22.8 23.2 0.98 -1
Cog7Fe; g5Ni1.45B11 55114 5Mo01 7 16.8 24 0.7 -3
C067Fe3'85Ni1'45B]1'5Sil4'5M01'7 25.6 26.6 0.96 —-0.3

The morphologies of the studied microwires and the d and D values of the studied
glass-coated microwires have been evaluated using an optical microscope Axio Scope
Al. Several examples are provided in Figure 1. From the provided images of the studied
microwires (see Figure la—c), rather homogeneous microwire geometries can be clearly
appreciated, and the d and D values can be confirmed.

We studied the magnetic properties and the GMI effect of as-prepared and annealed
microwires. The crystallization of amorphous microwires is generally observed at temper-
atures above 500 °C [10,22,25]. Therefore, to maintain amorphous structure, all thermal
treatments have been performed at temperatures, T,;,;, below 450 °C. The X-ray Diffraction
(XRD) performed using a BRUKER (D8 Advance) X-ray diffractometer (Karlsruhe, Ger-
many) with Cu Ko (Axgp = 1.54 A) radiation was used for structural control of as-prepared
and annealed microwires. As can be appreciated from Figure 2, wide halos typical for
amorphous materials are observed in XRD spectra for as-prepared and for annealed at
400 °C samples (an example for CogyFe3 g5Nij 45B11551145Mo01 7 microwire is provided
in Figure 2).
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Figure 1.
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Optical microscopy images of Fey5B9Si|pCy (a),
Cog7Fes g5Nip 45B11 55114 5M01 7 (€) microwires. (a) is reproduced with permission from Ref. [42].
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Figure 2. XRD patterns of as-prepared and annealed at 400 °C for 1 h CogyFe3 g5Nij 45B11.551145Mo07 7

sample. Reproduced with permission from Ref. [42].

The existence of the insulating glass coating makes it possible to anneal the samples
in air.

3. Experimental Results and Discussion

(at 200 MHz) is evidenced from Figure 1c for Co-rich microwires.

As can be seen in Figure 3, the hysteresis loops of as-prepared Fe-and Co-rich mi-
crowires are rather different. The rectangular hysteresis loop can be appreciated for Fe-rich
microwires (see Figure 3a). Clearly, better magnetic softness is observed for the as-prepared
Co-rich microwires (see Figure 3b). Therefore, the GMI performance of as-prepared Co-rich
microwires is substantially better than that of Fe-rich microwires: a rather higher GMI ratio
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Figure 3. Hysteresis IOOpS of C067.1Fe3‘8Nil.4Sil4.5B1145M01_7 (d =16.8 um) (a) and Fe70B158110C5
(d = 12.6 um) amorphous microwires (b) and AZ/Z(H) dependencies of as-prepared samples mea-
sured at 200 MHz (c).

It is worth noting that, somehow, a better magnetic softness and a slightly higher GMI
effect can be observed in Fe-Ni-based microwires with lower A¢ values [10,42].

However, from the provided comparison, it is clear that as-prepared Fe-rich microwires
are not attractive for GMI effect applications due to a rather low GMI effect. Therefore,
further postprocessing is required for Fe-based microwires to be considered for GMI
effect applications.

3.1. Routes of Magnetic Softnening and GMI Effect Optimization in Fe-Rich
Amorphous Microwires

Below, we provide several experimental results on the effect of postprocessing on the
magnetic properties and the GMI effect of amorphous Fe-rich microwires with a rather
typical composition (Fe75B9Si;oCy) and with large and positive As (38 x 10~°). However,
similar behavior is observed for a variety of Fe-rich and Fe-Ni-rich microwires with positive
As, such as Fe74B13Si11C2 or Fe7»B135i11NbsNi; [10,42].

Conventional furnace annealing at 300 and 400 °C only slightly affected the hysteresis
loops of Fez5B9Si1pCy microwires (see Figure 4): a slight decrease in coercivity, He, is
observed upon annealing. However, the overall rectangular shape of hysteresis loops
remains unchanged.



Processes 2024, 12, 556

7 of 18

—— as-prepared

11 (a) 11(b)

20 =0
= =
as-prepared
—— T =1300°C(1h)
1 = —— T =400°C (1h)
400 -200 0 200 400 200 -100 0 100 200
H(A/m) H (A/m)
100
(C) —— as-prepared
—— T, =300°C
—— T, =400°C
< 50
N
N
<
0 -
-10 0 10
H (A/m)

Figure 4. Effect of annealing at 300 °C (a) and 400 °C (b) on hysteresis loops of Fe;5B9Si1,C4 microwire
and on GMI effect measured at 100 MHz (c).

Despite only a slight change in the hysteresis loops, even conventional annealing
allows GMI effect improvement, as observed in Figure 4c.

As discussed elsewhere, the GMI effect value and the AZ/Z(H) dependence are
intrinsically related to the magnetic anisotropy character. Among the factors that can
contribute to the GMI effect improvement after annealing are internal stress relaxation and,
hence, a lower axial magnetic anisotropy after annealing.

Recently, we demonstrated that remarkable transverse magnetic anisotropy can be
induced in Fe-rich microwires by annealing under tensile stress: stress annealing allows ef-
fective tuning of the magnetic anisotropy [43,44]. Such stress-annealing-induced anisotropy
depends on Ty, tensile stress, 0,, applied during the annealing. The modification of the
hysteresis loops of Fe;5B9Sij,C4 microwire upon stress annealing is shown in Figure 5.

In both cases, shown in Figure 5, a transformation of perfectly rectangular hysteresis
loops into inclined and almost linear with reduced coercivity is observed. Such transforma-
tion of hysteresis loops results in a substantial decrease in coercivity, H (see Figure 5c,d).
Accordingly, such substantial stress-annealing-induced magnetic anisotropy and magnetic
softening results in considerable improvement in the GMI ratio (see Figure 6). As can be
observed in Figure 6a,b, maximum AZ/Z values, AZ/Znax, above 100% can be observed
in stress-annealed Fe-rich microwires. However, some of the observed AZ/Z(H) dependen-
cies are rather unusual. Thus, at intermediate frequencies, f (100-200 MHz), the AZ/Z(H)
dependencies have irregular shapes.
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Figure 5. Effect of stress annealing at 300 °C at different 0, (a) and 0, = 900 MPa and Tann = 250 °C
and 300 °C (b) on hysteresis loops of Fe75B9SijoC4 microwire and evolution of H; versus Tann at
04 =900 MPa (c) and H, versus 0, at Tann =300 °C (d).

150 150 5
——— 10 MHz —— 10 MHz
(a) —— 100 MHz (b) el
—— 150 MHz
. A 200 MHz —— 400 MHz
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Figure 6. AZ/Z(H) dependencies of Fey5B9SijpC4 microwire stress annealed at Ty, = 250 °C
(0a =900 MPa) (a) and Tyu, = 300 °C (04 = 900 MPa) (b) measured at different f.

From the definition of the magnetic field sensitivity, 1, given by Equation (2), it is clear
that the # magnitude correlates with AZ/Z .« value: for a given magnetic field interval
77 is higher for the samples with higher AZ/Znax. Accordingly, AZ/Z max is an important
factor from the viewpoint of application.

A comparison of AZ/Z(H) dependencies measured at low (f = 10 MHz) and high
(f > 400 MHz) frequencies gives an idea that such irregular dependence is the superposition
of roughly single peak AZ/Z(H) dependencies observed at low f and double-peak AZ/Z(H)
dependencies observed at sufficiently high f (f > 400 MHz) [44]. Considering Equation (3),
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it was assumed that such irregular AZ/Z(H) dependencies must be attributed to the con-
tribution of the inner axially magnetized core, which should have a single-peak AZ/Z(H)
dependence, and of the outer shell with a transverse magnetic anisotropy and a double-
peak AZ/Z(H) dependence [44]. Increasing the frequency, the skin depth, A, decreases
(see Equation(3)), and the contribution of the inner axially magnetized core gradually de-
creases as well. As mentioned above, the features of the shape of the AZ/Z(H) dependencies
are determined by the magnetic anisotropy of magnetic wires: double-peak dependen-
cies are predicted and experimentally reported for magnetic wires with circumferential
magnetic anisotropy [5,6], whereas single-peak AZ/Z(H) dependencies (similar to those
observed in Figure 4c) are typically observed for wires with axial magnetic anisotropy.

The GMI effect in stress-annealed Fe-rich amorphous microwires is explained in terms
of core—shell magnetic structure, assuming the existence of the inner core with an axial
magnetic anisotropy and external outer domain shell with a helical anisotropy [8,45-48].

The obtained AZ/Z,,,x values are reasonably high for magnetic sensor applications.
The results provided above on the dependence of the GMI effect and the magnetic softening
on postprocessing show that appropriate thermal treatment allows for the extension of
Fe-rich microwires into GMI-related applications.

3.2. Tailoring of the GMI Effect and the Magnetic Softness in Co-Rich Microwires

As shown in Figure 3b,c, excellent magnetic softness and a high GMI effect can be
achieved in as-prepared Co-rich microwires with a vanishing magnetostriction coefficient.
In several cases, quite a high GMI ratio has been reported, even in as-prepared Co-rich
microwires [28,49]. However, proper postprocessing can be useful for substantial GMI
effect improvement [29,30].

Traditional heat treatment (furnace annealing), in most cases, is not suitable for mag-
netic softening and GMI effect improvement in Co-rich microwires. As shown below, con-
siderable magnetic hardening is observed upon annealing of various Co-rich microwires
(see Figures 7 and 8). Similar results have been reported for a variety of Co-rich mi-
crowires [10,49].

@ //-' ' ) /
0 0 4
as-prepared | 1 J Tom=200°C

E; 600 -300 0 300 600-600 -300 O 300 600

@ 7/ 1 (@) f

0 0
/LJ T, =250°C 'J

1. 11 T,,=300°C

an

600 -300 0 300 600-600 -300 0 300 600

H(A/m)

Figure 7. Hysteresis loops of Fe3 Cogg2NijBi255i11Mo; 5C1» microwires: as-prepared (a); and
annealed at different Tann for 60 min with o, = 900 MPa, Ty, = 200 °C (b), Tann = 250 °C (c), and
300 °C (d).
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= :(l)g ;ﬁ%/ | .5 min :
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Figure 8. Effect of annealing time on hysteresis loops of FegCos1NijgB135i1g microwires: as-prepared
(a) and annealed at Ty;,; = 300 °C for 5 min (b) and 60 min (c). Reproduced with permission
from Ref. [50].

Upon annealing, the hysteresis loop transformation from linear with quite a low
coercivity, H,, (typically below 10 A/m) into rectangular with almost an order of magnitude
higher H, values is observed. Accordingly, not only an increase in coercivity but also an
increase in remanent magnetization, M, /M,, is observed.

As mentioned previously, the domain structure of magnetic wires is commonly de-
scribed as consisting of an inner axially magnetized core and an outer shell with a transverse
magnetization orientation [1,2,8,47,48,50-52]. As mentioned elsewhere [2,47,50,51], in the
frame of such a model, the volume of the inner axially magnetized core can be evaluated

from the M, /M, values as follows:
M,
Rc = Ry| — 4
c \/ M, 4)

where R, and R are the inner core and the microwire radius, respectively.

As can be observed from Figures 7 and 8, both H. and M, /M, rapidly increase
upon stress annealing, rising either with annealing time, ¢ (at fixed Ty,,), or annealing
temperature, Ty, (at fixed t). Consequently, we must assume that the observed change in
hysteresis loops consists of a substantial increase in the axially magnetized core radius, R,
upon annealing. The dependencies of both H. and M, /M, on annealing conditions (t and
Tann) are summarized in Figure 9.

Such unexpected magnetic hardening of Co-rich microwires has been previously
discussed in terms of stress-dependence of the magnetostriction coefficient previously
reported for amorphous materials [42,53]. It was assumed, and even confirmed experimen-
tally, that the internal stress relaxation produces changes in the A value and even the sign
(for small and negative As) [42,51].

In terms of magnetic softening, the annealing of Co-rich microwires does not look ap-
propriate. Additionally, in most cases, the GMI performance of annealed Co-rich microwires
either remains similar to as-prepared samples or becomes even worse (see Figure 10). It
must be noted that after annealing, in most of the cases, double-peak AZ/Z(H) dependen-
cies transform into single peak (see Figure 10a,c) or at least the magnetic field of maximum
AZ/Z, Hy, becomes lower (see Figure 10b). Such changes in AZ/Z(H) dependencies are in
agreement with the transformation of the hysteresis loops of Co-rich microwires shown in
Figures 7 and 8. As mentioned above, single-peak AZ/Z(H) dependencies are typical for
magnetic wires with axial magnetic anisotropy.
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il . . . . : : : : :
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Figure 9. Dependence of coercivity, H., (a) and reduced remanent magnetization, M,/M,
(b) on annealing time, t in CoggpFeys1B1185i138C1.1 microwires and dependence of coercivity,
Hc, (c¢) and reduced remanent magnetization, M,/M, (d) on annealing temperature, T;;,, for
Fe3.6C069.2NilB12_58111M01.5C1V2 microwires.
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Figure 10. Effect of annealing at different conditions (Taun, tann) on AZ/Z(H) dependencies of

Cogg2Fes1B1185i138C1.1 (a), Cogg2Fe3 6NiiB1255i11C12Mog 5 (b), and FegCos1NiigB13Siyg () mi-
crowires measured at f = 100 MHz.

However, in such Co-rich microwires with magnetic bistability induced by annealing,
AZ/Zmax values are still reasonably high. Similarly to Fe-rich microwires, the remag-
netization process of Co-rich microwires with annealing-induced magnetic bistability
runs through the single domain-wall propagation [50,51]. Therefore, such “universal” mi-
crowires presenting both of the most technologically interesting properties, such as ultrafast
domain-wall propagation and a high GMI effect, can be useful for several technological
applications [54].
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Considering the successful use of stress annealing to induce transverse magnetic
anisotropy in Fe-rich microwires, several promising attempts to improve the magnetic
softness and the GMI effect by stress annealing of Co-rich microwires have been per-
formed [10,51,55].

Generally, stress annealing performed at moderate T,,;, and o allows for reduced H,
while the rectangular shape of hysteresis loops is maintained, and even higher M, /M
values are observed.

Several examples are presented below. Similarly to that observed for various Co-rich
microwires [47-51], substantial changes in the hysteresis loops are observed after stress
annealing. Such changes are affected by several parameters, like T, and ¢. Thus, in
Co-rich microwires stress annealed at moderate T, and o, lower H. and higher M, /M,
values are observed (see Figure 11). Generally, a decrease in H; and an increase in M, /My is

observed with increasing o or Tyy;;. Finally, upon stress annealing at sufficiently high T,
and o (T = 350 °C; 0 = 472 MPa), the linear hysteresis loop with quite a low magnetic
anisotropy field, H, ~ 70 A/m and H. ~ 2 A/m, has been obtained (see Figure 11c).

1.0
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Figure 11.  Effects of stress annealing at different conditions on hysteresis loops of

CoggrFe3 ¢Ni1B1255i11C12Mos 5: effect of o at Ty, = 200 °C (a), effect of Ty, at 0 = 118 MPa
(b), and effect of o at Ty, = 350 °C (c), adapted from [55].
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Accordingly, a remarkable increase in the GMI ratio is observed in stress-annealed
(Tann = 350 °C; o = 472 MPa) Co-rich microwires as compared to as-prepared Co-rich
microwires (see Figure 12). The remarkable increase in AZ/Z,,,y value, as well as the lower
H,, value observed in stress-annealed Cogg »Fe3 ¢NijB1755i11C1.2Mo1 5 microwires correlate
with its better magnetic softness (Hy ~ 70 A/m and H. ~ 2 A/m).

---T, =350°C
,\l\
W c=472MPa

200 it as-prepared

)

= )

>~

N

N

~

N

<

15 -10 -5 0 5 10 15

Figure 12. AZ/Z(H) dependencies of as-prepared and stress-annealed (T, = 350 °C; 0 = 472 MPa)
Cogg 2Fe3 6NiB1, 55111 C1 2Mo1 5 microwires measured at f = 100 MHz.

A comparison of AZ/Z () dependencies for as-prepared and stress-annealed sam-
ples is provided in Figure 13. For Co-rich samples, the optimum frequency range for the
highest AZ/Z . values is about 100-150 MHz. Higher AZ/Z,,,x values for the full fre-
quency range (up to 1 GHz) are observed for stress-annealed Co-rich microwires compared
to as-prepared Co-rich microwires. One of the interesting features of stress-annealed Fe-rich
samples is the broader frequency range for notable AZ/Z,,,;. Additionally, at f > 500 MHz,
higher AZ /Z .y values are obtained for stress-annealed Fe;5B9Sij»Cy4 microwire.
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Figure 13. AZ/Zax(f) dependencies for as-prepared and stress-annealed Co-rich and Fe-rich samples.

The origin of magnetic anisotropy induced by stress annealing is either “back stresses”
or so-called structural anisotropy or atomic pairs ordering consisting of preferential re-
orientation of atomic pairs under the influence of local magnetization [44,56—61]. The
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pair atomic ordering mechanism can be relevant for microwires containing two or more
ferromagnetic elements. In our case, stress annealing-induced anisotropy is observed for
Fe-rich microwires with just one magnetic element.

The aforementioned structural anisotropy originates from a residual bond anisotropy
after removing the external stress or from a residual strain [58,62]. In the case of the
studied glass-coated microwires, the presence of the glass-coating is associated with strong
internal stresses [37,63-65]. Therefore, the influence of such internal stresses can be relevant
even during the annealing of the studied glass-coated microwires. Indeed, fine structural
rearrangements at the atomic level involving atomic diffusion can be substantially affected
by mechanical stresses [65,66].

Previously, the origin of stress-induced anisotropy in Fe-rich amorphous microwires
has also been discussed in terms of “back stresses”, resulting in a redistribution of the
internal stresses after stress annealing [43,44]. Such back stresses have been associated
with the slow cooling of glass-coated microwires within the furnace under the applied
tensile stress.

As can be observed from Figure 2, both as-prepared and annealed microwires typically
present rather similar wide halos. As commonly recognized [61,67], evidence of structural
relaxation at the short-range atomic scale in amorphous materials is typically observed
through indirect methods. Additionally, common structural methods, like XRD, are mostly
useful for topological short-range ordering, i.e., limited to the relative positions of the
atoms regardless of their chemical identities [67].

On the other hand, some magnetic properties are quite sensitive to fine changes in the
microstructure. Thus, the coercivity, H,, is among the properties affected by short-range
order in the arrangement of atoms [68]. Among the most sensitive magnetic parameters to
local structural rearrangements are the Curie temperature, T;, and the magnetostriction
coefficient, As [67,69-71]. Thus, substantial changes in T, and A reported in various Fe-, Co-

and Ni-rich amorphous magnetic materials [67,69-71]. Consequently, considerable modifi-
cations in A and T, are observed in CogyFes g5Nij 45B11.551145Mo01 7 (0 ~ 0.96) microwire
after annealing (see Figure 14). Similar influence of annealing on As and T, observed in
various Fe-, Co-, and Ni-rich amorphous alloys were commonly associated with changes in
short-range atomic order of amorphous alloys [67,69-71].

(b)
(a),o,__o_\ 235 1
044 s oo
! T~ B
! T
¢ 029 3230
: o
= i <
N 1 %
0.0 =
< o -=--T, =400°C
' 225
-0.24!
)
-0.44 ; . 2201+ . : . ; . .
0 30 60 0 5 10 15 20 25 30
t,,o(min) t_..(min)

Figure 14. Effect of annealing conditions on As (a) and T, (b) of CogyFe3 g5Nij 45B11.5S5i145Mo07 7
(o ~ 0.96) microwire. Reproduced with permission from Ref. [71].

Consequently, the origin of the observed changes in magnetic anisotropy, magnetic
softness, and the GMI effect in the studied Fe-and Co-rich glass-coated microwires induced
either by annealing or by stress annealing can be explained by considering internal stress
relaxation, back stresses, or structural magnetic anisotropy.

4. Conclusions
The magnetic softness and GMI effect of both Fe-rich and Co-rich glass-coated mi-
crowires can be substantially improved by appropriate postprocessing.
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As-prepared Co-rich microwires often present linear hysteresis loops, low coercivity
(a few A/m), and a high GMI effect. However, a remarkable magnetic hardening and a
transformation of the inclined hysteresis loop into a rectangular loop with a substantial
coercivity increase are commonly observed after conventional annealing.

We have demonstrated that stress annealing allows the prevention of magnetic hard-
ening observed after conventional annealing and remarkably improves the GMI effect.
Properly stress-annealed Co-rich microwires can present almost unhysteretic loops with
low coercivity and magnetic anisotropy field (up to 2 A/m and 70 A/m, respectively).

The observed stress-annealing-induced magnetic anisotropy is affected by the stress-
annealing conditions, such as annealing temperature or stresses, applied during annealing.
For a given annealing temperature, induced magnetic anisotropy increases with stresses
increasing. Similarly, such induced magnetic anisotropy increases with an increase in the
annealing temperature at fixed stress.

A remarkable magnetic softening and an order of magnitude increase in the GMI effect
is achieved by stress annealing of Fe-rich glass-coated microwires.

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

The evaluated frequency dependence of the maximum GMI ratio allows the determina-
tion of the optimal GMI measurement conditions for both Fe-rich and Co-rich microwires.

The origin of the observed changes in magnetic anisotropy, soft magnetic properties,
and the GMI effect in the studied Fe- and Co-rich glass-coated microwires induced by either
annealing or stress annealing has been discussed considering internal stresses relaxation,
back stresses, or structural magnetic anisotropy.
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