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We present an overview of the factors as well as post processing tools allowing optimization of magnetic soft-
ness and GMI effect of rapidly quenched materials: microwires and ribbons. Generally, low coercivity and
high GMI effect have been observed in as-prepared Co-rich compositions. Annealing at adequate conditions
can be very effective for manipulation of the magnetic properties and GMI effect of amorphous and nanocrys-

talline rapidly quenched materials. After annealing of Co-rich compositions, we can observe transformation
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of inclined hysteresis loops to rectangular. However, at certain annealing conditions GMI effect can be im-
proved. Using stress-annealing, GMI effect of both Fe-rich and Co-rich microwires as well as of amorphous
ribbons can be improved. On the other hand, in Fe-rich FeCuNbSiB microwires after appropriate annealing
we observed considerable magnetic softening and GMI effect enhancement. The other promising post-pro-
cessing allowing GMI effect optimization is Joule heating.

©2019.

1. Introduction

Magnetic materials belong to a family of the most promising mate-
rials, which are demanded in diverse applications, like generation and
distribution of electricity, data storage, medicine, home entertainment,
electronic surveillance, automobile and aircraft industries, aerospace,
energy harvesting and conversion, informatics, magnetic recording,
magnetic sensors and telecommunications among others [1-4].

Magnetic materials are classified in terms of their magnetic prop-
erties and their uses. If a material is easily magnetized and demagne-
tized then it is referred to as a soft magnetic material, whereas if it is
difficult to demagnetize then it is referred to as a hard (or permanent)
magnetic material [3-5].

Soft magnetic materials typically present coercivity below 1000
A/m. They are used primarily to enhance and/or channel the mag-
netic flux produced by an electric current, for shielding applications
or to generate a magnetic field. However, one of the features of
soft magnetic materials quite relevant for magnetic sensors and de-
vices is so-called giant magnetoimpedance (GMI) [5-11]. The ori-
gin of the GMI effect as well as the main characteristics of GMI
are satisfactorily explained in terms of classical electrodynamics, tak-
ing into account
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the skin effect of a soft magnetic conductor [5-11]. High magnetic
permeability of crystalline or amorphous magnetic materials is a pre-
requisite for the implementation of the GMI effect [5-8,10,11].

Magnetic softness of conventional magnetic materials is linked to
their crystalline structure, defects, grain size, texture, etc. Therefore,
crystalline magnetic materials require additional post-processing to
achieve better magnetic softness [1-3].

Consequently, amorphous magnetic materials obtained using rapid
solidification (also frequently called rapid quenching) from the melt
have attracted special attention since their discovery in the 60-s
[12—14]. One of the main advantages of amorphous magnetic mate-
rials is that excellent magnetic softness can be obtained directly in
the as-cast samples without additional post-processing. In addition,
the fabrication method, including rapid solidification from the melt,
is quite fast and inexpensive. Furthermore, amorphous materials as a
rule present superior mechanical properties [15-18].

Magnetic softness of rapidly solidified from the melt alloys is as-
sociated to their liquid-like structure characterized by the absence of
all the defects typical for crystalline materials [3-5].

Therefore, although GMI materials are not restricted to amorphous
materials [6], the latter are recognized by most of researchers as
the most prospective in terms of the GMI effect [7,8,10,11]. Among
the other GMI materials, nanocrystalline and nanostructured materi-
als should be mentioned [19-23]. Indeed, in some cases nanocrys-
tallization of amorphous precursor by appropriate annealing allows
beneficial improvement of magnetic softness [14,19] as
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well as the GMI effect [20-23]. However, the mechanical properties
of nanocrystalline materials are an issue: usually nanocrystallization is
associated with an abrupt deterioration of mechanical properties and
embrittlement [18].

On the other hand, the use of nanostructured materials, such as
thin films and multilayers, allows miniaturization of sensors and de-
vices utilizing the GMI effect [24-28]. In addition, thin-film GMI el-
ements are more compatible with integrated electronic devices. How-
ever, as a rule, thin films present much poorer magnetic softness [29]
and, hence, the GMI effect, exhibited by nanostructured materials, is
several times lower than that of amorphous wires and ribbons [24-27].

Indeed, the main interest and advantages of the GMI effect is that
GMI materials can present extremely high sensitivity to applied mag-
netic field.

The most commonly used expression for the GMI effect is the GMI
ratio, AZ/Z, usually defined as [10,11]:

AZ/Z:[Z (1_[) - Z(Hma,\)]/Z(Hmur)’ (1)

where H,,,, is the maximum axial DC magnetic field (usually up to
few kA/m).

The highest GMI ratio is reported for amorphous microwires
[30-32]: optimization of preparation conditions allowed achieving
AZ/Z=615% in magnetic microwires [30]. Appropriate post-process-
ing allowed improving AZ/Z up to 600% [31] and 650% [32]. Simi-
larly, AZ/Z~640% is achieved upon nanocrystallization of amorphous
ribbons [33].

Consequently, the giant impedance sensitivity exerted by magneti-
cally soft amorphous materials stimulated the development and imple-
mentation of magnetometers and magnetic field sensors utilizing GMI
materials [25,34-39]. GMI technology has been proposed for numer-
ous applications, like magnetic compass and acceleration sensors inte-
grated in CMOS circuit [34,35], low-sized magnetometer suitable for
magnetic field mapping [36], detection of a biomagnetic field with the
pico-Tesla sensitivity [37] or magnetoelastic sensors [38]. Amorphous
wires are used for almost all reported sensors.

Comparative analysis of various sensor technologies (Hall-effect,
Magnetoresistance, Fluxgates and GMI effect) allowed to conclude
that the GMI- based magnetic sensor technology provides quite com-
petitive features (low dimensions, noise, high magnetic field resolu-
tion, etc.) as-compared to analysed technologies [34,39].

Other factors relevant to GMI applications are the miniaturization
of soft magnetic materials, tuneability of their magnetic properties
and cost efficiency, which allows the development of low-cost mod-
ern magnetoelectronic devices with reduced dimensionality and better
performance. However, theoretically predicted skin depth minimum is
about 0,2-0,3 pm [40,41]. Additionally, thin films technology does not
allow achievement of magnetic softness comparable to that reported
for rapidly solidified amorphous materials [29]. Indeed, extremely soft
magnetic properties with coercivity values of about 2—5A/m and mag-
netic anisotropy field of about 25 A/m are reported for amorphous
Co-rich microwires [32,42]. The problem of compatibility of the MI
elements made from amorphous wires with integrated electronic de-
vices is already solved [34,43-45].

As mentioned above magnetic softness is the principle require-
ment for the GMI ratio optimization. Furthermore, in ferromagnetic
materials the domain structure must be considered and consequently
the magnetic permeability and hence magnetoimpedance have the ten-
sor nature [8,46]. From the viewpoint of applications the antisym-
metrical magnetic field dependence of the off-diagonal GMI com-
ponent of amorphous wires measured as the output voltage from

the pick-up coil surrounding the magnetic wire presenting linear de-
pendence on applied magnetic field is quite useful for applications in
magnetic sensors [34,35,44,45].

The main route for the development of the GMI materials is related
to development of low dimensional rapidly solidified amorphous ma-
terials.

The highest GMI and most of experimental studies deal with dif-
ferent families of magnetic wires. It is commonly accepted that high
circumferential magnetic permeability is essentially beneficial for im-
plementation of high GMI ratio [5-8,10,11,42,46].

There are several families of magnetic wires that can be prepared
using various methods involving rapid solidification from the melt
and hence providing wide range of diameter (from 185nm reported
for glass-coated microwires up to about 165 um for wires prepared by
in-rotating water method) [47-49].

The thinnest magnetic wires with diameters ranging from about
200nm up to 100pm can be prepared by so-called modified Tay-
lor-Ulitovsky method (also known as quenching-and-drawing
method) [30-32,42,47,48,50]. This technique allows to vary the diam-
eters of the metal nucleus of glass-coated microwires by almost 2 or-
ders of magnitude, covering the most suitable geometry for GMI ma-
terials. The Taylor-Ulitovsky preparation method in its present form is
known since 60-s [51] and first reports on preparation of magnetic mi-
crowires are dated by the end of 70-s [52]. The main advantages of this
method are wide range of metallic nucleus diameters, almost contin-
uous preparation method (up to 10000 m long continuous microwire)
and presence of thin flexible and biocompatible glass coating allowing
better corrosion and mechanical properties [42,53,54].

However, presence of glass-coating is associated with certain pe-
culiarities, like additional magnetoelastic anisotropy related to strong
internal stresses induced during rapid solidification of metallic alloys
surrounded by glass coating with different thermal expansion coeffi-
cients [53-55]. Additionally, a formation of the interfacial layer (with
typical thickness of the order of 0,5 pm) between the metallic nucleus
and glass-coating is reported for both Fe- and Co-based microwires
[56].

In spite of excellent GMI characteristics exhibited by amorphous
and nanocrystalline materials with GMI ratios up to 650% [30-33], re-
ported GMI ratio is still below 3000% theoretically predicted for ma-
terials with transverse magnetic anisotropy [40,41].

Present paper provides an overview of the routes allowing opti-
mization of the GMI effect in amorphous and nanocrystalline materi-
als prepared by rapid solidification from the melt.

2. Experimental details

Studied Co-rich and Fe-rich glass-coated microwires have been
prepared by Taylor-Ulitovsky technique (also called in some publi-
cations as the drawing and quenching technique) described elsewhere
[30-32,51-56].

Amorphous Co-rich ribbons have been fabricated by the melt-spin-
ning technique using a Fe wheel as described in Ref. [57].

The compositions and geometry (diameters, thickness and width)
of studied samples are provided in Table 1.

Magnetic field dependencies of impedance, Z, and GMI ratio, AZ/
Z (defined by eq. (1)), have been measured using a micro-strip sample
holder placed inside a sufficiently long solenoid that creates a homo-
geneous magnetic field, 4, with maximum value, H,,,,,, up to 20kA/
m. The set-up used to measure the giant magnetoimpedance is shown
in Fig. 1.

Impedance components measurements were carried out on the
as-prepared and annealed samples soldered to a specially designed
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Table 1
Compositions and geometry of analysed GMI materials.

Metallic Total

nucleus diameter, D,

diameter, d, (pm) for

(pm) for microwires

microwires or or thickness

width (mm) (pm) for Ratio
Composition for ribbons ribbons P
Cogo.rFey B1.gSi13.8C) 25.6 30.2 0.84
CogrFe;.gsNij45B; 5 SijssMo, 7 16.8 24 0.7
CogrFes.43Niy4sB) 5 SijgsMo, 5 11.8 18.4 0.64
CogrFes.43Niy4sB) ) 5 SijgsMo, 5 9.8 18.6 0.5
CogrFes.43NiyasB) ) 5 SijgsMo, 5 6.8 13.5 0.5
Fe,5BoSi;,Cy 152 17.2 0.88
Fey7.4Niy6651;1B13C, 29 322 0.9
Fe05Cu;Nb3.1Si14.5B 0.6 112 144 0.8
C077.58115B7 5 13.1 18 0.73
CogrFesoNi| 4B 1.5Si14sMo, ¢ 25.6 26.6 0.96
Cog7.7Fe43Ni6Si) 1B 15.4C1.sMo 3 10.8 13.8 0.78
Feg.1Cos7Ni 0B 5.0Si;, 20.4 24 0.85
FegCos7NijoBy5.Si;, 22.8 25.6 0.89
Feg.1Cos7Ni oB)5.0S1; 30 323 0.93
Fe;.6C0g0oNi B 5581, Mo,.5C) 5 25.6 30.2 0.85
Cos,FegNi ¢B,3Sij, 12.8 15.8 0.82
Cogs.5Fe3.58112.0B g0 0.3-0.9 20 -
(Cog95Fe0.05)75S110B 15 0.5 32 -

micro-strip sample holder (see Fig. 1b). In addition, this system al-
lows the application of a transversal bias field Hj created by dc
bias current 7, applied to the sample by a bias-tee element. This
system is connected to a vector network analyser N5230A (VNA),
which allows measuring simultaneously the longitudinal and off-di-
agonal impedance components of the sample in the frequency range
of 10MHz-3500MHz [41,57,58]. The longitudinal impedance com-
ponent is obtained from the reflection coefficient S, by:

B (1+ 8y)
Z,= Zom 2

where Z,=50Q is the characteristic impedance of the electric coax-
ial line. The off-diagonal impedance component is measured through
the transmission coefficient S,, as a voltage induced in a 2mm long
pick-up coil wound around the sample (see Fig. 1b). This sample
holder allows measuring the samples up to 10 mm length.

The analyser power output in all measurements here presented was
10mW that corresponds to a 1.4mA high frequency driving current
passing through the sample.

Programmable | -
(a} A~ DC Power Supply HP-IB
( ®_ O v

[/ Selensid

Coaxial Sample
Holder HP-IB

data bus

DC Magnetic Filed H

Nerwork Analyser

Coaxial cables

Fig. 1. Experimental set-up for measuring the GMI response of studied samples.

The off-diagonal, Z,,, component can be found through transmis-
sion coefficient, S,; [42].

Hysteresis loops of as-prepared and annealed samples were mea-
sured by the induction method with a magnetic field applied along the
sample axis as described elsewhere [48]. In most of the cases we rep-
resent the normalized magnetization, M/M,, versus 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, H,,.

For the GMI measurements the sample length was 6 mm. For
the hysteresis loops evaluation the sample length was 7cm. In fact
the sample length, /, strongly affects the wires domain structure and
hence both GMI effect and hysteresis loops [8,24,48]. However, for
glass-coated microwires with diameters about 15 pm the influence of
the sample length become irrelevant /> 1 mm [48].

The samples have been annealed with and without stress in con-
ventional furnace at temperatures, 7,,,, of 200-600°C for duration,
Ly from 5 to 120min. In the case of ribbon samples, the vacuum
chamber was used. Insulating and continuous glass-coating allows an-
nealing of glass-coated microwires on air.

The stress during the annealing of glass-coated microwires within
the metallic nucleus and glass shell has been evaluated as described
earlier [59].

Structure and phase composition have been checked using a
BRUKER (D8 Advance) X-ray diffractometer with Cu K, (1=1.54 A)
radiation.

The magnetostriction coefficient of studied samples has been mea-
sured using small angle magnetization rotation (SAMR) method de-
scribed elsewhere [60]. Initially this method has been developed for
magnetic materials where the magnetization rotation plays the deter-
mining role [60]. Recently, this method has been extended for the suc-
cessfully employed of magnetic microwires in which only the outer
domain shell present magnetization rotation process [61].

3. Experimental results and discussion
3.1. Magnetic microwires

3.1.1. Tuning of GMI effect in as-prepared microwires

As mentioned above, theoretically and experimentally shown else-
where [46,59] the GMI ratio value and the magnetic field dependence
of GMI effect of magnetic materials are determined by easy magnetic
anisotropy direction and magnetic anisotropy field as well as by mag-
netic softness of the material.

As discussed elsewhere [42] for amorphous materials character-
ized by the absence of magneto-crystalline anisotropy the main
sources of magnetic anisotropy are the shape and

(b)

bias-tee sample holder

\ v

A H, \, He
LY %
. x.f‘ 1A Sa1
Su[VNA |\ 3 VNA
—1port1 L/ \ Iport 2

Sample pfé‘k—up coil
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magnetoelastic anisotropy, K. The latter is determined by the mag-
netostriction coefficient, 4, and the internal stresses, o;, by the relation
[42]:

K,.=3/2 Ao, 3)

The magnetostriction coefficient, 1, value in amorphous alloys
can be tailored by the chemical composition [14,61-63]. Generally,
Fe-rich compositions present positive A, -values (typically
A,~20-40x 10°%), while for the Co-rich alloys, 4, —values are nega-
tive, typically A,&—5 to - 3 x 10°°. Consequently, nearly-zero A, —val-
ues can be achieved in the Co,Fe,, (0<x<1) or CoMn,, (0<x<1)
systems at x about 0,9-0,96 [14,38,61-63].

In NiFe,, system decrease of A -values with increasing of
Ni-content is observed, but it correlates to the simultaneous decreasing
of the saturation magnetization. Thus, zero A, —values at high Ni-con-
tents correspond to paramagnetic ordering of Ni Fe,_, alloys at room
temperature [14].

Certainly, such notable dependence of the magnetostriction coef-
ficient, A,, on chemical composition of the alloy considerably affects
the magnetic properties in particular overall magnetic anisotropy of
glass-coated microwires. The reason is quite elevated internal stresses
inside the metallic ferromagnetic nucleus of glass-coated microwires
distributed in a complex way. The origin of the internal stresses is as-
sociated to three main phenomena: i) rapid solidification from the melt
of the metallic alloy ingot; ii) the difference between the thermal ex-
pansion coefficients of solidifying metallic alloy and glass coating and
iii) the drawing of composite wire [53-55,66,67]. The internal stresses
distribution is affected by various parameters, as diameter of metallic
nucleus, glass-coated thickness and chemical composition of the alloy
among others. From the evaluated radial distribution of the internal
stresses within the metallic nucleus [66] can be assumed that the axial
internal stresses are the strongest within the main part of the metallic
nucleus. Thus, the internal stresses distribution along the microwire
radius is not homogeneous: near the axis of the metallic nucleus, the
tensile stresses are the strongest ones. Such internal stresses distribu-
tion together with the sign and value of the magnetostriction coeffi-
cient give rise to macroscopic magnetic anisotropy distribution within
the ferromagnetic nucleus and hence can strongly affect the GMI ratio
value and magnetic field dependence.

Indeed, as can be appreciated from Fig. 2, there is certain correla-
tion between the maximum AZ/Z-value, AZ/Z,,,., AZ/Z (H) dependen-
cies and the magnetostriction coefficient value and sign. The 4, —val-
ues provided in Fig. 2 are obtained using SAMR method described
above.

Both Co-rich microwires present double-peak AZ/Z(H) dependen-
cies (see Fig. 2 (c) and (d)). In fact such double-peak AZ/Z(H) depen-
dencies are theoretically predicted [46] and experimentally reported
[42] for magnetic wires with circumferential magnetic anisotropy. The
highest AZ/Z,, ratio is observed for Co-rich microwire with vanish-
ing A, —values. In contrast, the decay observed in the AZ/Z(H) depen-
dencies for both microwires with positive 1, —values (Fig. 2 (a) and
(b)) are predicted and previously observed for magnetic wires with ax-
ial magnetic anisotropy [42,46]. Fe,sBoSi;,C, microwire with highest
A —value presents the lowest AZ/Z, . -value (see Fig. 2 (a)).

The observed AZ/Z(H) dependencies correlate well with hystere-
sis loops. Different magnetic anisotropy of Fe and Co-rich microwires
can be appreciated from Fig. 3 where the hysteresis loops of the same
samples as in Fig. 2 are provided. Perfectly rectangular hysteresis
loops observed for both microwires with positive 4, —values reflect
the axial magnetic anisotropy of these samples (Fig. 3 (a) and (b)).
Fe;5BoSi;,C, microwire exhibits a higher coercivity, H,, which must
be related to higher 4, —values.

300 300

0] (3) A 40x10° |250] (®) A, 25x10°
200 ) 200
150 150
100 100
50 50

~ "5 a0 = oﬁs "5 0 5 0 5 10 15
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S 20 (d) A =5 x10°
E‘qﬁ 200
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100
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04 - 0 -
A5 <10 5 0 5 10 15 45 10 5 0 5 10 15

H(kA/m)

Fig. 2. AZ/Z (H) dependencies of as-prepared Fe;sBySi|,C, (a) Fey7.4Niyg6Si;1B13C,y
(b), Cogy- Fes-gNi;+4Sij4sBysMoy.; (¢) and Co4,.55i;5B, 5 (d) microwires measured at
500 MHz.
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Fig. 3. Hysteresis loops of as-prepared Fe;sBoSij,C, (a) Fey7.4NiygSiB13C, (b),
CogyFeygNi;4Siy 5By -sMoy.; (¢) and Co;7.5Si;5B5 5 (d) microwires.

Cogy 1FesgNi;+4Sij4-5sB11sMoy.; and Co7.55i1;5B 5 microwire with
vanishing (~-1 x1077) and negative (x-5 x10°°) A, —values present
quite low H_ -values (about 5 A/m), however, much lower magnetic
anisotropy field, H;, (about 300 A/m) is observed for
Cogy 1 FesgNi;+4Si 4 5B 1sMoy.; microwire (see Fig. 3 (c) and (d)).
Furthermore, both Co-rich microwires exhibit linear hysteresis loops
typical for microwires with transverse magnetic anisotropy.

The internal stresses value, o;, can be tuned by the p-ratio between
the metallic nucleus diameter, d, and the total microwire diameter, D
(p=d/D): o; increases with the increase of the glass coating thickness,
i.e., decreasing the p-ratio [54,55,65-67]. Therefore, p-ratio in fact is
the other parameter that can affect both hysteresis loops and hence AZ/
Z,,.-value and AZ/Z(H) dependencies of magnetic microwires.

Hysteresis loops of two Co-rich microwires
(CogrFe;3.45Ni45B1.551;4.sMo; ; and Feg.;Cos;Ni;(B5.4S1;;) with van-
ishing A, —values are presented in Fig. 4. In both cases the same
tendency is observed, that is, an increase in H, —values with a de-
crease in the p-ratio (see Fig. 4 (a) and (b)) as also recently
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Fig. 4. Hysteresis loops of as-prepared Cog;Fe;55Nij45B1.5S14sMo;, (a) and
Feg.1Cos7Ni;oBy5.4Si;; (b) microwires with different diameters.

reported in Ref. [42]. Consequently, AZ/Z(H) dependencies are af-
fected by p-ratio (see Fig. 5). Similar dependencies have been previ-
ously reported for various Co-rich microwires elsewhere [30,42,64].

Among the other factors relevant for the GMI ratio optimization at
a given frequency the diameter of ferromagnetic metallic nucleus must
be mentioned.

As an example, AZ/Z(H) dependencies measured in two as-pre-
pared microwires with quite similar chemical compositions
(Cog7Fes.9Nij 4B11.5S114.5Moy ¢ and

Cog7.7Fe,3Ni;.6S1;1.0B15.4C.sMo, 3) but with different
300 1 -.-I-. --..-.
..- - .. '-..
u" L] []
Co: I... [ ] a ....I
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‘fg oo® ....uon-.. ...- L ........-nuiluu..
e .
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100 .:. » pzo-?
p=0.64
0 e p=0.5
-2 0 2
H (kA/m)

Fig. 5. AZ/Z(H) dependencies of as-prepared Cog;FeygsNij45B.5S1145Mo; 7 mi-
crowires with different p—ratios measured at 500 MHz.

dimensions (d=25.6 um, D=26.6 pm and d=10.8 pm, D=13.8 pm, re-
spectively) are shown in Fig. 6 (a) and (b). The first impression from
Fig. 6 (a) (in which the measurements taken at 100 MHz are shown) is
that thicker microwires present better GMI performance. However, at
700 MHz the opposite tendency is observed (see Fig. 6 (b)). Observed
dependencies are summarized in Fig. 6 (c), where AZ/Z,,, (f) depen-
dence for both samples are presented for comparison.

The observed behaviour confirms the relationship between the op-
timal frequency for the GMI performance and the wire diameter: to
achieve the maximum GMI effect a trade-off between wire dimen-
sions and frequency is required [68]. The diameter reduction must be
associated with the increasing of the optimal GMI frequency range
[68]. It must be mentioned that this approach is valid with some lim-
itations. The reason is the interfacial layer between the glass coating
and metallic nucleus reported for glass-coated microwires [52]. Since
the chemical composition of the interfacial layer is different from
the inner part of the metallic nucleus, different magnetic anisotropy
and therefore different GMI properties can be expected in the surface
layer.

One more effective method allowing tuning of the AZ/Z,,, -value
and AZ/Z(H) dependencies of magnetic microwires is the bias cur-
rent [41,59,69]. The influence of the bias current has been explained
considering the circumferential magnetic field, H,,, produced by
the current (Oersted field) that can be estimated in the surface of

the metallic nucleus from the
« d=108 m
400
(a) d=25.6 um
200 f\
M
§600-4 5 2 0 2 4
400 ( ) : .
t‘ =l
200 o s
— d—zs,ﬁl'ﬁ?ﬁ"----- 5
0 « d=10.8 pm
-4 2 0 2 4
H(kA/m)
600
© L
500 o .
—_— L]
=
=, 400 .
NE L ]
N 300
25.6 um
L]
5ol *  10.8 um
100
0 200 400 600 800 1000

f(MHz)

Fig. 6. AZ/Z(H) dependencies measured in as-prepared Cog;Fes.oNij.,B1.5Sij4.sMo; 4
(d=25.6pm, D=26.6pm) and Cog47.sFey;Ni;Sij;,B154CsMoy;  (d=10.8pm,
D=13.8 pm) microwires at 100 MHz (a), 700MHz(b) and AZ/Z,,,.(f) dependence for
both microwires.
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formula:
Hcirczlb/Zﬁr (4)

where /, is the bias current value, r-radial distance.

The influence of the bias current on GMI ratio of Co-rich and
Fe-rich microwires is shown in Fig. 7. Slight increase of the GMI ratio
upon effect of the bias current is observed in Cogg,Fe,.1B;.4S1135C
microwires (Fig. 7 (a)). However, this sample exhibits considerable
hysteresis in AZ/Z(H) dependences. This hysteresis is similar to that
caused by the core-shell interaction and helical anisotropy [59,70].

More significant effect of bias current on AZ/Z,,, -value and AZ/
Z(H) dependencies is observed for as-prepared Fe;sBySi;,C, mi-
crowires (see Fig. 7 (b)), as also recently reported in Ref. [69]. With-
out bias current as-prepared Fe;sB¢Si;,C, microwires exhibit AZ/
Z,,0x~15% at 500 MHz. Upon application of bias current we observed
considerable increasing of AZ/Z,,,. up to 60% and even change of the
AZ/Z(H) dependencies (Fig. 7 (b)).

H._;.. —values obtained from eq. (4) for the Fe;sBySi;,C4 microwire
(d=15.2um) for 1,=50mA give H,,.~1kA/m. This field is high
enough to tilt the magnetization near the surface from the radial di-
rection (it has been assumed for magnetic wires with positive magne-
tostriction coefficient). Therefore, under application of axial magnetic
field the sample can present higher circumferential permeability and
therefore higher AZ/Z,,,. and double peak AZ/Z(H) dependencies.

Off-diagonal MI effect, S,;, measured in both as-prepared samples
present considerable differences (Fig. 8): Cogg.oFe,1B11.4S1135C | mi-
crowires present rather higher S,;-values (Fig. 8 (a)). Additionally,

S,i-values  of  Cogg,FesB114S1134C;;  microwires  rapidly
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Fig. 7. AZ/Z(H) dependences measured in as-prepared (a) Cogo.,Fey. 1By .4Sij34C | and
(b) Fe;5B,Si;,C4 microwires measured at 500 MHz at different /h-values.
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Fig. 8. S,,(H) dependences measured in as-prepared (a) Cogg.,Fey. 1By .4S113.4C; | and (b)
Fe;5B,Si;,C,4 microwires.

increase upon application of bias current, /,. Fe;5BoSi;,C, microwire
exhibit quite low S,;-values (Fig. 8 (b)). We observe increasing of
S,;-values upon application of the bias current in Fe,;sB¢Si;,C4 sam-
ple, but even at /,=60mA S,,-values are a few times lower than those
in Cogg.,Fey. B 1.4S113.4C; | microwires at /,=0mA.

Consequently, bias current allows beneficial enhancement of both
GMI ratio and off-diagonal MI especially for Fe-rich microwires.

However, these values of DC current flowing through the sample
can produce Joule heating of the samples. Indeed, for Fe;sB¢Si;,Cy
microwire (d~ 15.2 pm), the current density, j, for /,=60mA is about
330 A/mm>. As shown earlier, the DC current with density j~450A/
mm? can produce the magnetic hardening and/or crystallization of the
samples [71]. Therefore, application of high enough bias current can
produce irreversible structural changes due to annealing.

3.1.2. Tuning of GMI effect of microwires by post-processing

Although generally quite high maximum GMI ratio values (up to
600%) have been realized in as-prepared microwires [30,64], these
values are still much below 3000% theoretically predicted AZ/Z,,,
—values for materials with transverse magnetic anisotropy [40,41].

On the other hand, Co belongs to critical raw materials [72]. Con-
sequently, the insecure supplies of Co could hinder the development
of new technologies related to massive applications. Additionally,
the cost of Co is more elevated. Therefore, Fe-based microwires are
preferable for large-scale applications. However, as shown above,
as-prepared Fe-rich microwires present generally much poorer GMI
performance than Co-rich microwires [42].
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Therefore, there are generally two main lines in development of
magnetic microwires with GMI effect: 1) optimization of GMI effect
and magnetic softness in Co-rich microwires by appropriate post-pro-
cessing and ii) search for adequate post-processing to optimize the ef-
fect of GMI in Fe-rich microwires.

The most convenient post-processing allowing stress relaxation is
thermal treatment. In amorphous materials, the coercivity decrease is
expected upon annealing at temperature below the crystallization tem-
perature due to the stress relaxation [14].

However, in most of recently studied Co-rich microwires with van-
ishing A, —values (Cogg.,Fe,.1B11.45113.5C 1, Cogg.sFe4NijB 381 Mo, 3,
Fe;.45C067.05N11.44B11.535114.47M0; 46, €tc.) a considerable magnetic
hardening (coercivity and remanent magnetization rising) is reported
[73,74].

Below we present results on effect of annealing on magnetic prop-
erties of Fe;Cog9,Ni;B5.551;;M0,.5C,;, (d=25.6pm, D=30.2 pm),
CosFegNigB3Si; (d=12.8um, D=15.8um),
CogooFes.1B11.85113.5C 1 (d=25.6pm, D=30.2pm) and
Cog;Fe;gNi; 5B 15S1145Mo; ¢ (d=25.6pum, D=d=26.6pum) amor-
phous microwires.

All as-prepared microwires present linear hysteresis loops with low
coercivity, H, (below 10 A/m in both cases). Such hysteresis loops
are typical for Co-rich microwires with vanishing A, —values (see Fig.
4). However, similarly to those reported for other Co-rich microwires
[73,74], we observed considerable magnetic hardening upon anneal-
ing: coercivity rising by about an order of magnitude and considerable
growth of remanent magnetization (see Fig. 9).

Observed evolution of magnetic properties is related to transfor-
mation of linear hysteresis loop with low coercivity (H,~4 A/m) into
rectangular with H.~90 A/m upon annealing without stress (see Fig.
9). It is worth noting that Fe; 4Cog9.,Ni;B1,.551;;Mo,.5C, , samples an-
nealed at different temperatures present similar coercivity, however,
the remanent magnetization, M,/M,,,., gradually grows upon T,,, in-
creasing (see Fig. 9 (b)).
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Previously deterioration of the GMI ratio related to magnetic hard-
ening is reported after conventional furnace annealing [73]. However,
previously reported results were obtained at fixed annealing condi-
tions.

Below we will present more detailed studies on effect of annealing
on GMI effect of Fe; 4Cog9.,Ni;B1,.551;;Mo;.5C, , microwires. Experi-
mental results provided below and more complex dependence: follow-
ing the initial decrease of GMI effect after annealing at 7,,,=200°C
an increase of the GMI ratio is observed at further 7,,, rising (see Fig.
10 (a) and (b)). Furthermore, the AZ/Z(H) dependence of as-prepared
and annealed sample present rather different features: for as-prepared
sample double-peak AZ/Z(H) dependence (see Fig. 10) is observed.
However, AZ/Z(H) dependence of the sample annealed at 300 °C mea-
sured at 50 MHz presents a decay with magnetic field increase (Fig. 10
(a)). The AZ/Z(H) dependence of the sample annealed at 200 °C still
presents double-peak AZ/Z(H) dependence. But the field value, corre-
sponding to the maximum on AZ/Z(H) dependence, H,,, is lower than
that for as-prepared sample.

On the other hand, even the sample annealed at 300 °C presents
double-peak AZ/Z(H) dependence at /=200 MHz (Fig. 10 (b)). This
influence can be understood considering frequency dependence of the
skin penetration depth, §, as well as magnetic anisotropy distribution
within the metallic nucleus.

Indeed, frequency dependence of the penetration skin depth, §, is
given by Refs. [7-11]:

6=(7t0'~,uq,-f)1/2 %)

where o is the electrical conductivity and y¢ - the circumferential mag-
netic permeability.

At relatively low frequency, the skin depth can be comparable
and even higher than the microwire radius and therefore the current
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Fig. 9. Effect of annealing on hysteresis loops of CosFegNi B 3Sij (a), Fe;.4C0g9.0Ni|B,.581;;Mo,.5C} 5 (b) Cogo.,Fey 1 By.4Si134C 1 (¢) and Cog;Fe;oNi| 5By ;.5S1,4.5Mo; ¢ (d) mi-

crowires.
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Fig. 10. AZ/Z(H) dependencies of as-prepared and annealed at different temperatures
Fe;.C0g9.0Ni B ,.581;Mo,.sC; , microwires measured at 50 MHz (a) and 200 MHz(b).

flows through the whole ferromagnetic nucleus. However, rising the
frequency the current flows closer to the surface [7-11,42].

In principle, changes of the magnetic anisotropy upon annealing
can be explained considering evaluation of the hysteresis loops and
changes of domain structure after annealing (i.e., related to inter-
nal stresses relaxation). As commonly accepted, the domain struc-
ture of magnetic wires consists of inner axially magnetized core sur-
rounded by the outer shell with transverse magnetization orientation
[42,70,75].

The volume of inner axially magnetized core radius, R,, can be
evaluated from the hysteresis loop considering the relation of the
squireness ratio, M,/M,, and R, expressed as [76]:

R.=R(M,/Ms)"”, (6)

where R is the microwire radius.

As can be observed from Fig. 9 (a—c) the M,/M; ratio increases
rapidly upon annealing. This fact reflects the redistribution of mag-
netic anisotropy during annealing: in the as-prepared sample, almost
the entire volume of the microwire presents transverse magnetic
anisotropy. However, we must assume that during annealing, the vol-
ume of the internal axially magnetized core increases and, therefore,
the annealed microwire has predominantly axial magnetic anisotropy.

Although improvement of AZ/Z,,,. —values (from 90 to 150% at
200MHz, see Fig. 10 (b)) in Fe;4Cog9,Ni;B;,.551;;M0;.5C;, mi-
crowire annealed at 7,,,=300°C is observed, in most cases mag-
netic hardening upon annealing is associated to degradation of the
AZ/Z,,. —values [42,73,76]. As an example, considerable decrease
of AZ/Z,,,. —values upon annealing can be deduced from AZ/Z(H)
dependencies measured in as-prepared and annealed at 300°C
Cog;Fe;9Ni; 5B .5S1,4.5Mo; ¢ microwires (see Fig. 11). Similarly to
Fe;.4C0g49.,N1,B1,.551;;Mo, 5C, , microwire, a decrease of H,,-values
can be appreciated after annealing.

As can  be  appreciated from  Fig. 12,  only
Fe;.4C049.,N1,B15.551;;Mo,.5C, , microwire annealed at 300°C pre-
sents higher AZ/Z,,. —values in a wide frequency range. Generally,
the optimum frequency range for GMI effect in
Fe3.¢Cog9.,Ni1B5.5S81;{Mo;.5C;, microwire is between 100 and
200MHz, while for Cog;Fe;oNij.sBy;.5S1;4.sMo, 4 microwire is be-
tween 300 and 400 MHz (see Fig. 12).

As mentioned above, the magnetic field dependence of imped-
ance is determined by magnetic anisotropy features: a decay of
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Fig. 11. AZ/Z(H) dependencies of as-prepared and annealed at 300°C
Cog;Fes9Ni| 5B .5S114.5sMo; ¢ microwires measured at 50 MHz (a) and 200 MHz (b).

impedance, Z, versus H is predicted [46] and experimentally observed
[42,59] for magnetic wires with axial magnetic anisotropy, while dou-
ble maximum Z(H) dependencies are typically observed for mag-
netic wires presenting transversal magnetic anisotropy [46,59]. There-
fore, in as-prepared sample where almost whole sample volume pre-
sents transverse magnetic anisotropy the double-peak AZ/Z(H) de-
pendence is expected; in the annealed microwires with rectangular
hysteresis loops the volume of axially magnetized core is assumed
to extend to almost the whole wire diameter. Consequently, as ex-
pected a decay of AZ/Z versus H is observed for annealed
Fe3.¢Cog9.,Ni;B,.551;;Mo;.5C; , sample (f=50MHz). However, dou-
ble peak AZ/Z(H) dependencies observed in annealed
Cog;Fe;9Ni; 5B .5S14.5Mo; ¢ and Fe; (Cog9,Ni;B5.551;;Mo,.5C, , (at
f>200MHz) microwires can be interpreted considering existence of
thin surface layer with transverse magnetic anisotropy even in Co-rich
microwires with rectangular hysteresis loops.

Observed transformation of linear hysteresis loops to rectangu-
lar upon annealing of Co-rich microwires presents general charac-
ter: similar behaviour has been reported for large number of Co-rich
microwires with vanishing and negative magnetostriction coefficient
[42,73-75].

Such annealing influence has been related to internal stresses relax-
ation as well as to the magnetostriction coefficient modification upon
annealing [42,73-76]. As mentioned above, stress annealing is a use-
ful tool, allowing tuning of magnetic anisotropy and improvement of
magnetic softness and GMI ratio in microwires [42,73,74]. Therefore,
we employed stress-annealing of Fes.¢Cog9.,NiiB5.5581;;M0;.5C; 5
samples varying annealing temperature, tensile stress applied during
the annealing and annealing time.
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Fig. 12. AZ/Zmax(f) evaluated for as-prepared and annealed at Tann=300°C and
Tann=200°C Fe3-6C069-2NilB12-5Si11Mo1-5C1.2 (a) and
Co67Fe3-9Nil-5B11-5Si14-5Mo1.6 (b) microwires.

The influence of these parameters on the hysteresis loop of studied
microwire is depicted in Fig. 13.

From Fig. 13 we can deduce that indeed, stress-annealing allows
manipulation of hysteresis loops and magnetic softness of
Fe;.4C049.,N1;B1,.551;;Mo,.sC, , microwire.

Observed effect of stress-annealing can be summarized as follow-
ing: 1) application of stress during annealing allows remarkable de-
crease of coercivity and increase of remanent magnetization; ii) both
annealing temperature and stress applied during the annealing are es-
sentially relevant iii) increasing either annealing temperature or stress
applied during the annealing low coercivity values can be achieved.
Accordingly, stress annealing affects the AZ/Z(H) dependencies as
well as AZ/Z,,,. -values of studied microwires.

Beneficial influence of stress-annealing on GMI effect of
Fe3.¢Cog9.,Ni1B5.5581;{Mo;.5C; , microwire is depicted in Fig. 14. A
remarkable GMI ratio improvement upon stress-annealing reflected
in an increase of AZ/Z,,. —values can be underlined from Fig. 14
(a). This GMI ratio improvement is observed for a wide frequency
range (see Fig. 14 (b)). In Fig. 14 (b) can be appreciated that the opti-
mum frequency for most of the samples is between 100 and 200 MHz.
Moreover, more than 100% increase of AZ/Z,,, —value (from 100%
up to 240%) is achieved by the stress-annealing. Additionally, as-pre-
pared sample presents double-peak AZ/Z(H) dependence (Fig. 14 (a)).
However, AZ/Z(H) dependence measured in stress-annealed samples
at 200MHz (Fig. 14 (a)) change from double-peak (observed in
as-prepared sample) to almost monotonic decay for stress-annealed
microwire (7,,,=300°C, =236 MPa).

Observed effect of frequency on AZ/Z(H) dependence can be un-
derstood considering aforementioned frequency dependence of
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Fig. 13. Hysteresis loops of Fe;.4C0g.,Ni;|By,.581;;Mo,.sC; , microwires with stress-an-
nealed at different conditions.

the skin penetration depth, 6, as well as magnetic anisotropy distribu-
tion within the metallic nucleus.

As discussed elsewhere, the H,,-value corresponding to the peaks
(maximum AZ/Z - value) is linked to the average value of the
anisotropy field, Hy, at high frequency values, and to the effective
anisotropy distribution in the sample [7-11].

As evidenced from Fig. 13, stress annealed microwire presents
predominantly axial anisotropy. Therefore, the character of AZ/Z(H)
dependence changes from double-peak AZ/Z(H) dependence evident
for as-prepared samples to a decay of AZ/Z versus H dependence for
stress-annealed samples (Fig. 14 (a)).

The origin of stress-induced anisotropy in amorphous materials
[78-80] and particularly in glass-coated microwires [59,81] is previ-
ously discussed in terms of either “back stresses™ or directional pair
(chemical or topological) ordering.

Generally, pair ordering mechanism is assumed for amorphous al-
loys with two or more magnetic elements. Therefore, in the present
case that contains three transition elements, this kind of mechanism
can be relevant. However, strong creep anisotropy is recently also re-
ported for glass-coated microwires with only one transition metal [59].
Therefore, we must also consider either back stresses or aforemen-
tioned topological short range ordering as the origin of observed creep
anisotropy.

Considering the importance of circumferential magnetic perme-
ability for achievement of high GMI effect, recently we have em-
ployed Joule heating for GMI effect optimization [32]. We assumed
that the circumferential magnetic field, /., produced by the current
(Oersted field) can affect the magnetic anisotropy of the microwires.

The hysteresis loops of current annealed
CogrFes9Ni 5B ;.5S114sM0; ¢ microwires  present  extremely
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Fig. 14. AZ/Z(H) dependences of as-prepared and stress-annealed at 7,,,,,=300°C sam-
ples at different o measured at 200MHz (a) and AZ/Z,,,.(f) evaluated for as-prepared
and annealed at different conditions Fe;.cCog.,Ni;B1,.5S1;;Mo,.5sC| , (b) microwires.

soft magnetic properties: current annealed sample at 40mA (5 min)
present quite low coercivity, H,, of about 3 A/m (see Fig. 15 (a)).
Additionally, from Fig. 15 (a) can be observed that after current an-
nealing studied sample presents lower magnetic anisotropy field, /,
of about 35 A/m. In contrast to Cog;FesoNi;.sB1.55114.sMo0 ¢ mi-
crowire annealed in conventional furnace, Joule heated samples do
not exhibit magnetic hardening (see Fig. 15 (b)). For comparison,
hysteresis loops of Joule heated and conventionally annealed
CogFes.9Ni;.5B1;.55114.5Mo; ¢ microwires are presented in Fig. 15 (b).
Similar results have been recently reported in Ref. [32].

Consequently, considerable GMI ratio improvement can be ob-
served in Joule heated Cog;Fe;oNi; 5By .55114.5Mo; ¢ microwire (see
Fig. 15 (c)). This GMI ratio improvement is achieved for a wide fre-
quency range, as can be appreciated from AZ/Z,,,.(f) dependencies
provided in Fig. 15 (d).

Summarizing this section on tuning of the GMI effect of Co-rich
microwires by post processing, both stress-annealing and Joule heat-
ing are promising post-processing methods allowing improvement of
GMI effect in Co-rich microwires.

For several years, Fe-rich microwires were not considered as
promising giant magnetoimpedance materials due to the predominant
axial magnetic anisotropy and, consequently, the low GMI ratio in the
as-prepared state. However, relatively high cost of Co and develop-
ment of novel applications where a large quantity of microwires is
needed stimulated development of post-processing method allowing
considerable improvement of the GMI effect in Fe-rich microwires.

One of the routes for GMI effect improvement in Fe-rich mi-
crowires  involves  magnetic  softening linked to  the
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Fig. 15. Hysteresis loops of as-prepared and current annealed at 40mA for 5min (a),
30mA 20min and at 300°C for 60 min (b) AZ/Z(H) measured at 200 MHz (c) and AZ/
Z,,.x(f) (d) dependencies in as-prepared and current annealed at 40mA for different t,
Cog;Fes9Ni|.sB.55114.sMo; s amorphous glass-coated microwire.

devitrification upon appropriate annealing [19-23]. Magnetic soften-
ing of nanocrystalline materials is attributed to their structure consist-
ing of nano-sized grains randomly distributed in an amorphous ma-
trix [14,19-23,82—-84]. Such structure achieved in nanocrystalline Fe-
SiBNbCu (so-called Finemet) materials is characterized for vanishing
magnetocrystalline anisotropy as well as to vanishing magnetostric-
tion coefficient values [14,82—84].
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In Fe0.5CuNb;,Si 45B1g6 (Finemet-type) microwires
(d=11.2um, D=14.4 pm) the nanocrystallization takes place upon an-
nealing at temperatures of about 500-600 °C (i.e., at temperatures be-
tween the first and second crystallization stages) (see Fig. 16 (a)). The
microstructure of the devitrified material annealed at appropriate con-
ditions consists of small (below 20nm average grain size) nanocrys-
tallites embedded in the residual amorphous matrix.

The evolution of structural and magnetic properties is summa-
rized for the Fe;).gCu;Nbs.;Sij4.5B (¢ microwire annealed at different
annealing temperatures, 7, (Fig. 16). As-prepared and annealed at
Tonn <450°C of Feq.3Cu;Nb;.Si;4.5B ;¢ microwires present an amor-
phous structure. Increasing the 7,,,, a noticeable growth of the inten-
sity in X-ray diffraction, XRD, patterns is observed, which reveals the
beginning of the crystallization upon annealing the sample. Starting
from 550 °C, a main crystalline peak appears in the range between 42°
and 45°, which corresponds to the existence of a-Fe (Si).
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Fig. 16. XRD patterns (a), D, and H, dependencies on 7, (b) and AZ/Z(H) dependen-
cies (f/=200MHz) of as-prepared and annealed at 550°C (c) Fe;y.gCu;Nb;.;Si ;5B g6
microwires (p=0.81).

The shape of the peak, particularly its width, contains useful in-
formation of the average grain size of the corresponding crystalline
phase. Therefore, by estimating the width of the peak, the value of the
main grain size, D,, can be obtained using the Debye-Sherrer equation
[82-84]:

D, =kA/ecos 20 (6)

where, ¢ is the half width of the crystalline peak and 20 is the angular
position of the maximum crystalline peak.

Correlation of magnetic softening (coercivity decrease) and precip-
itation of small a-Fe (Si) grains (Fig. 16 (b)) and increasing of the
GMI effect upon annealing (Fig. 16 (c)) are observed when the devit-
rification of amorphous precursor takes place.

Consequently, annealing allowing the devitrification of
Finemet-type glass-coated microwires is the effective tool for opti-
mization of magnetic softness and GMI effect of Fe-rich magnetic mi-
crowires.

In spite of acceptable magnetic softness and high GMI in devitri-
fied Finemet-type microwires the main disadvantage of such materials
is poor mechanical properties [18].

The other possibility to tune the magnetic anisotropy and hence en-
hance the GMI effect of Fe-rich microwire can be processing by the
stress-annealing.

Indeed, stress-annealing of Fe-rich microwires allows appearance
of transverse magnetic anisotropy.

After stress annealing of Fe;sBySi;,C, microwires we observed
drastic decreasing of coercivity and remanent magnetization (see Fig.
17).

Consequently, stress-annealed Fe;sBySi;,C, microwires present
considerable enhancement of the GMI effect: rising of maximum GMI
ratio (from 5% up to 120%) and change of AZ/Z(H) dependencies
from single-peak to double peak (see Fig. 18).

Observed transversal magnetic anisotropy realized in stress-an-
nealed Fe-rich microwires must be attributed to the anisotropies re-
distribution: increasing of transversal anisotropy at decreasing of axial
anisotropy [81].

As can be appreciated from Fig. 19, stress-annealing also allows
improvement of the off-diagonal GMI component. S,,-values of
stress-annealed Fe;sBySi;,C4 microwires measured at /o=0mA be-
come higher (compare with Fig. 8 (b)). Additionally, S,;-values of
stress-annealed Fe;sBySi;,C4 microwires can be further improved by
Tb.

1ol /ax-pn:pan:d

\
stress- annealed
at 250°C

[ stress- annealed
at 300°C

-1,0

-400 -21)0 0 21:)0 400
H(A/m)

Fig. 17. Hysteresis loops of as-prepared and stress-annealed at different temperatures
Fe;5BySi;,C, microwires.
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Fig. 19. S,,(H) dependencies measured in stress-annealed Fe,sBoSi;,C, microwires.

Consequently, we must underline that the stress-annealing is the
effective method for tuning of magnetic properties and at certain con-
ditions for improvement of magnetic softness and GMI effect of Fe-
-rich glass-coated microwires.

3.2. Amorphous ribbons

The other kind of rapidly quenched materials that can present
excellent magnetic softness and hence high GMI effect are amor-
phous ribbons. Below we provide results on GMI effect optimiza-
tion in soft ferromagnetic Co-rich (Cogqs5Fes5S115.0Bigo and
(Coyp.95Fe.95)7551,0B5) amorphous ribbons produced by melt spinning
at cooling rates of 10 —10°KJs as described elsewhere [9,14,57].

Thin (width, w, from 0.35 to 0.90mm, thickness from 20pm)
Cogg.5Fe;.5511,.0B g o amorphous ribbons (with nominal composition
and Ag~—0.1x% 1076) can present excellent magnetic softness: coerciv-
ity, H,, of about 5-10 A/m (see Fig. 20). The effective anisotropy field
evaluated from the knee area just before to the approach magnetic sat-
uration, gives quite low values from 17.1 to 40 A/m.

Similarly to magnetic microwires, GMI ratio is considerably af-
fected by the chemical composition as well as by the samples geom-
etry. Thus, Coggs5Fes.5Si15.0Bgo ribbons width considerably affects
AZ/Z(H) dependencies (see Fig. 21).

As mentioned above, the value of H corresponding to the peaks
(Z maximum value) is linked to the average value of the anisotropy
field, Hg, at high frequency values, and to the anisotropy
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Fig. 20. Normalized axial hysteresis loops (a), and positive part of the hysteresis loops
(b), of four Cogs.sFes.5Sij,0Bgo ribbons with different width. Arrows indicate the
anisotropy field for each sample. Reprinted from Ref. [85].

distribution in the sample. In the case of 0.90 mm width ribbon, MI
peaks shift to higher magnetic fields. The origin of this shift can be
related to the change in skin depth with the frequency-dependent mag-
netic permeability.

Similarly to magnetic microwires, GMI effect of as-prepared
Coge.5Fe3.551,2.0B g o ribbons is affected by the ribbons geometry: rib-
bons with w=0.7mm present quite higher GMI effect (up to 140%,
see Fig. 22 (a)). However, ribbons of the same composition with
w=0.6mm present lower GMI ratio (see Fig. 22 (b)).

Similarly to magnetic microwires, GMI performance of ribbons
can be improved by appropriate annealing (see Fig. 23). In the pre-
sent case, pre-annealing followed by the stress annealing of
Cogg.5Fe3.55115.0B 5 o ribbon (thickness 0.7mm) is the most effective:
such annealing allows improvement of the GMI ratio up to AZ/
Z,~425% (see Fig. 23 (c)). For as-cast and post-processed ribbons
the optimal frequency range is shifted to low frequencies regions
(as-compared to microwires): the highest AZ/Z-values are observed
between 30 and 70 MHz (see Figs. 21-24). However, similarly to
magnetic microwires, GMI ratio of (Cog.gsFeq ¢5)7551;0B5 ribbons can
be considerably improved by Joule heating (see Fig. 24).

The off-diagonal MI component, Zj,, arises from the presence

of a non-axial anisotropy. Consequently, as it is shown in Fig. 25
Zy(H) of CoggsFes.5Si;,B g ribbon (thickness 20pum) behaves in a
similar way to that reported for Co-rich microwires (see Fig. 8 (a))
displaying two similar branches with different sign according to the
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Fig. 21. Impedance of samples with different values of the width: 0.35 mm (a), 0.60 mm (b), 0.70 mm (c), and 0.90mm (d), as a function of the magnetic field applied in the ribbon
direction, for different frequency values in the range 10-1000 MHz [85]. It can be seen that the two-peak behaviour (symmetrically with respect to //) emerges more clearly as in-

creasing the frequency (see Figs. 21 and 22).
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Fig. 22. AZ/Z (H) dependencies of as-cast Cogg.sFe;.5Si;5.0B g o ribbon of 0.7mm (a) and
0.6 mm (b) width measured at different frequencies.

direction of the applied magnetic field. Upon influence of bias cur-
rent, I, the Z,(H) dependence considerably changes. When high
enough bias current is applied the Z,.(H) dependence presents asym-
metric character (Fig. 25). Thicker (32um thick) as-cast
(Cog.9sFeg5)75S1;oB1s ribbons present relatively low (about 80%)
GMI ratio (see Fig. 24 (a)).

Stress—annealed Cogg.sFes.5Si;,B g ribbons present much lower
and irregular Z,,, if no dc bias current, /,, is applied (see Fig. 26). How-
ever, the off-diagonal response significantly increases upon bias cur-
rent application and becomes antisymmetric with respect to the field
H, having almost linear behaviour in the field range of 400 A/m, for
most of stress-annealed samples (see Fig. 26).

This behaviour can be attributed to the influence of the transverse
dc field created by the bias current, which makes one of the op-
posite (depending on the current direction) transverse magnetization
direction more favourable. Domains with magnetization lying along
the bias field increase at the expense of domains with magnetization
aligned against this field. If the transverse magnetic field is suffi-
ciently high, the field dependence of the off-diagonal impedance be-
comes asymmetric as it is shown in Fig. 26.

In fact, similarly to magnetic microwires Joule heating can con-
siderably affect the AZ/Z,,,.-value and AZ/Z(H) dependencies and im-
prove high-frequency GMI effect (Fig. 27). Similarly to magnetic mi-
crowires magnetic field, GMI ratio improvement can be linked to
transverse induced magnetic anisotropy related with the magnetic field
produced by the current (Oersted field).

Consequently, from provided results we must conclude that the
most common way to optimize the GMI effect in magnetic microwires
and ribbons is preparation of amorphous materials with nearly-zero
magnetostriction coefficient. Accordingly, quite high GMI ratio has
been reported for as-prepared Co-rich microwires (up to about 600%)
and ribbons (up to 140%) with appropriate chemical composition
(vanishing 4, - values).
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Fig. 23. AZ/Z (H) dependencies of annealed Cogg.sFe;.5Sij).0Bigo ribbon (thickness
0.7mm) measured in the range 10-1000 MHz.

It is worth mentioning that the highest GMI ratios are reported for
magnetic microwires [30-32]. However, GMI materials are not lim-
ited by microwires and ribbons: high GMI ratios have been reported
for various soft magnetic materials, like amorphous, i.e., in-rotating
water quenched wires [87], melt extracted wires [88], nanocrystalline
microwires [23], in-rotating quenched devitrified wires [89] and thin
films [24,25]. The comparison summarizing the previous achieve-
ments on GMI effect of magnetic materials is provided in Table 2.

As can be appreciated from provided above comparison of the
previous achievements on GMI effect, the highest GMI ratios are
achieved for rapidly quenched materials with either amorphous or
nanocrystalline structure. Additionally, the appropriate post-process-
ing is a useful tool for GMI effect optimization. Accordingly, a num-
ber of recent publications have been reported on the development
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(a) 300 MHz
| \ — 600 MHz
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Fig. 24. AZ/Z(H) dependencies measured at different frequencies in as-cast
(Cog.95Fe 05)755119B 1 5) ribbons (a) and effect of Joule heating on AZ/Z(H) dependencies
of (Coy.9s5Feq 95)755119B)5) ribbon measured at 200 MHz.
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Fig. 25. Magnetic field dependence of the off-diagonal impedance component of the
as-cast Cogg.sFe;.5Si;,B g amorphous ribbon measured at different 7, -values.

of high-performance magnetic sensors using rapidly quenching mate-
rials [91-93].

4. Conclusions

Magnetic microwires and ribbons present high GMI effect ad-
justable through the preparation process and post-production process-
ing such as various types of annealing (furnace, Joule heating,
field-annealing, stress-annealing). We overviewed the influence of
preparation conditions and possibility to control the magnetic prop-
erties
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Table 2
Summary of the previous literatures on Giant Magneto-Impedance effect of magnetic
materials.
Maximum GMI
Magnetic materials/preparation method ratio, AZ/Z ., (%) Source
Crystalline, mumetal wire/annealed 40 [6]
Amorphous, Co-rich wire/in-rotating water 350 [87]
Amorphous, Co-rich wire/melt extracted 450 [88]
Thin films Co-rich/sputtered, filed annealed 40 [24]
Amorphous Co-rich, glass-coated microwire/ 600 [31]
Taylor-Ulitovsky, Joule heated
Amorphous Co-rich, glass-coated microwire/ 615 [30]
Taylor-Ulitovsky, as-prepared
Amorphous Co-rich, glass-coated microwire/ 650 [32]
Taylor-Ulitovsky, Joule heated
Nanocrystalline Fe-rich wires/in-rotating 120 [89]
water, annealed
Nanocrystalline Fe-rich,glass-coated 125 [23]
microwire/Taylor-Ulitovsky, annealed
Amorphous Fe-Ni rich glass-coated 45 [90]
microwire/Taylor-Ulitovsky, annealed
Amorphous Fe-rich glass-coated microwire/ 30 [69]
Taylor-Ulitovsky, as-prepared
Amorphous Fe-rich glass-coated microwire/ 125 [59,69]
Taylor-Ulitovsky, stress-annealed
Nanocrystalline ribbon prepared by 640 [33]

appropriate annealing

of amorphous ferromagnetic microwires and ribbons by the anneal-
ing. As-prepared Co-rich microwires and ribbons can present low co-
ercivity and high GMI effect, while the magnetoelastic anisotropy de-
termines the magnetic softness and GMI effect of glass-coated mi-
crowires. We demonstrated that annealing conditions drastically af-
fect the magnetic properties. We observed transformation of inclined
hysteresis loops to rectangular and GMI effect improvement in amor-
phous Co-rich microwire after annealing. The opposite tendency:
transformation of rectangular hysteresis loops to linear and drastic
increasing of GMI effect is observed in Fe-rich microwires after
stress-annealing. The observed dependencies are attributed to stress
relaxation and changes in the magnetostriction after sample anneal-
ing as well as the internal stresses redistribution after stress-annealing.
Stress-annealing and Joule heating allow optimization of GMI effect
in both microwires and ribbons. Magnetic softening observed after an-
nealing of Finemet-type glass-coated microwires in the range between
400°C and 650°C is explained in terms of the devitrification process
caused by nanocrystallization. Enhancement of GMI observed upon
annealing asserts the optimum magnetic softness of the Finemet-type
glass-coated microwires after devitrification.
[28][77].
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