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Abstract We present an overview of the factors affect-
ing soft magnetic properties and giant magnetoimpedance
(GMI) effect of thin amorphous wires. Low coercivity and
high GMI effect have been observed in as-prepared Co-rich
microwires. We showed that the magnetoelastic anisotropy
is one of the most important parameters that determines
the magnetic softness and GMI effect of glass-coated
microwires, and annealing can be very effective for manip-
ulation of the magnetic properties of amorphous ferromag-
netic glass-coated microwires. After annealing of Co-rich
microwires, we can observe the transformation of inclined
hysteresis loops to rectangle and coexistence of fast magne-
tization switching and GMI effect in the same sample. We
demonstrated that the switching field value of microwires
can be tailored by annealing in the range from 4 to 200 A/m.
On the other hand in Fe-rich FeCuNbSiB microwires after
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appropriate annealing, we observed considerable magnetic
softening and GMI effect enhancement.
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1 Introduction

Recent advances in the technologies involving magnetic
materials require the development of novel functional mag-
netic materials with improved magnetic and magnetotrans-
port properties. In addition, the tendency on miniaturization
of the modern magnetic sensors and devices stimulates
the development of such magnetic materials with reduced
dimensionality. Certain progress has been recently achieved
in thin soft magnetic wires and, in particular, glass-coated
microwires thanks to outstanding magnetic properties and
their potential applications in various industrial sectors such
as magnetic sensors, microelectronics, and security [1-3].
These microwires consist of a metallic nucleus with a typ-
ical diameter from 1 up to 30 um and glass coating sheath
with a thickness from 1 to 10 um and can be prepared by
the modified Taylor-Ulitovsky technique based on the rapid
quenching from the molten metal [1-4]. The main advan-
tage of these microwire is related to the small dimensions,
circular symmetry, high efficiency (possibility to produce
continues microwires up to few kilometers only from 1 g
of master alloy), and simple and cheap fabrication pro-
cess. Moreover, the glass coating itself provides an electrical
insulation and enhances biocompatibility.

The main interest in amorphous soft magnetic materials
is related to their liquid-like structure characterized by the
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absence of long-range ordering. In other words, the absence
of magnetocrystalline anisotropy is the main reason of
extremely soft magnetic properties exhibited by amorphous
magnetic materials [1, 4]. Therefore, their magnetic prop-
erties are determined mainly by magnetoelastic anisotropy.
This magnetoelastic anisotropy, Kpne, is regulated by the
internal stresses and the magnetostriction coefficient, which
is given by the following equation [2]:

Kme = 3/2As0iA (D

where Ag is the saturation magnetostriction and o; is the
internal stress induced by the glass coating layer during the
fabrication technique of glass-coated microwires.

The difference in the thermal expansion coefficients
between the glass sheath and the ferromagnetic nucleus
introduces considerable internal stresses inside the metal-
lic nucleus, o; [5-7]. The strength of the internal stresses
depends on the p ratio between the metallic nucleus diam-
eter, d, and total microwire diameter, D (p = d/D) [5-T7],
increasing with the decrease of the p ratio, i.e., with the
increase of the relative volume of the glass coating, while
the magnetostriction coefficient mostly depends on the
chemical composition and vanishes in amorphous Fe-Co-
based alloys with Co/Fe = 70/5 [4, 5].

On the other hand, the so-called “nanocrystalline materi-
als,” that is, two-phase systems consisting of nanocrystalline
grains randomly distributed in a soft magnetic amorphous
phase, attracted great attention owing to excellent mag-
netic softness and high saturation magnetization [8—10].
After crystallization, such material consists of small (around
10 nm grain size) nanocrystallites embedded in the resid-
ual amorphous matrix. Aforementioned magnetic softness
is thought to be originated from the vanished magnetocrys-
talline anisotropy and the very low magnetostriction value
when the grain size approaches 10 nm [9, 10].

One of the most promising and relevant applications of
soft magnetic amorphous materials is related to the so-called
“giant magnetoimpedance effect” (GMI). This GMI effect
defined as the large change of the electrical impedance of
a magnetic conductor when it is subjected to an axial dc
magnetic field, H [11, 12]. It has been recognized that
the large sensitivity of the total impedance of a soft mag-
netic conductor at low magnetic fields and high frequencies
of the driven ac current originates from the dependence
of the transverse magnetic permeability upon the dc mag-
netic field and skin effect. Large GMI effect (up to 600 %)
has been reported for Co-based amorphous glass-coated
microwires with nearly zero magnetostriction sign [13, 14].
This extremely high magnetic field sensitivity allows using
of soft magnetic materials for creation of sensitive and
cheap magnetic sensors and magnetometers [15-18].

Additionally, the GMI effect exhibited by amorphous
wires is quite sensitive to external stimuli, such as stress,
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temperature that enables them for the use in detection of
stresses, and/or temperature variation [19-21].

Although initially GMI effect has been mostly reported
in amorphous microwires [13-15, 18], recently, we
observed in Finemet-type glass-coated microwires [22, 23].
It is worth mentioning that, usually, the GMI effect of Fe-
rich amorphous materials is rather low due to low magnetic
permeability [23]. Therefore, magnetic softening obtained
after the nanocrystallization is essential for the optimization
of the GMI effect in nanocrystalline materials. Meanwhile,
the substitution of Co-rich amorphous microwires by less-
expensive Fe-rich microwires can be essentially promising
from industrial application’s point of view. Therefore, opti-
mizing high GMI effect in Fe-rich glass-coated microwires
is nowadays one of the relevant topics of research.

The aim of this paper is to illustrate experimentally the
fundamental features in order to optimize high GMI effect
in Co-rich amorphous and Finemet glass-coated microwires
fabricated by the Taylor-Ulitovsky technique.

2 Experimental Details

We  studied glass—coated CoggrFeq.1B11.8S113.8C1 1
(d =256 um, D = 30.2 um, p = 0.84) and Cosg.69
Feg 13Ni17.55B13.29S110.34 (d = 12.8 um, D = 15.8 pum,
p = 0.81) microwires and Fey9gCu;Nbs 1Sij45B106
(d =107 um, D = 164 um, p = 0.6) prepared by the
Taylor-Ulitovsky technique (also called in some publica-
tions as the drawing and quenching technique) described
elsewhere [1-4]. This method is essentially based on the
direct casting from the melt and consists of a simultane-
ous drawing of the composite microwire (metallic nucleus
inside the glass capillary) through the quenching liquid
(water or oil) jet onto rotating bobbins.

Hysteresis loops of as-prepared and annealed microwires
were measured by the induction method [3]. We repre-
sent the normalized magnetization, M/M, versus magnetic
field, H, where M is the magnetic moment at the given mag-
netic field and M is the magnetic moment of the sample at
the maximum magnetic field amplitude, Hy.

We measured the magnetic field dependences of
impedance, Z, and GMI ratio, AZ/Z. We used the specially
designed microstrip sample holder placed inside a suffi-
ciently long solenoid that creates a homogeneous magnetic
field, H. One wire end was connected to the inner conduc-
tor of a coaxial line through a matched microstrip line, while
the other was connected to the ground plane. This sample
holder allows measuring the samples of 6 mm in length.
This sample length is sufficiently long, allowing neglecting
the effect of the demagnetizing factor [3, 8]. We determined
the impedance Z using the vector network analyzer from
reflection coefficient Sj;. The employed method allowed
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extending the frequency range up to gigahertz range [8]. The
magnetoimpedance ratio, AZ/Z, has been defined as

AZ/Z = [Z(H) — Z(Hmax)] - 1OO/Z(Hmax) (2)

where an axial dc field with maximum value, Hpyax, up to
20 kA/m was supplied by magnetization coils.

The microwires have been annealed with and without
stress in conventional furnace at temperatures, Typy, of 200—
300 °C for the duration, t,5p, from 5 to 60 min. After anneal-
ing, the magnetic properties of microwires were studied
again.

In order to obtain the nanocrystalline structure, we have
selected Fe79gCuiNbs 1Sij45B106 that can be considered
as a typical FeSiB metallic glass composition with small
additions of Cu and Nb [7-9]. For this alloy, annealing was
carried out in temperatures, Tyn,, of 400-650 °C for 1 h.
Structure and phase composition have been checked using
a Bruker (D8 Advance) X-ray diffractometer with Cu Ko«
(» = 1.54 A) radiation.

The magnetostriction coefficient of studied microwires
has been measured using a SAMR method described else-
where and recently successfully employed for the case of
magnetic microwires [24, 25].

Essentially in this method, the sample is saturated by an
axial magnetic field, H, while applying simultaneously a
small ac transverse field, Hy, created by an ac electric cur-
rent flowing along the sample. The combination of these
fields leads to a reversible rotation of the magnetization
within a small angle, 6, out of the axial direction. The induc-
tion voltage, V(2w), due to the magnetization rotation is
detected by a pickup coil wound around the microwire. The
magnetostriction constant is determined from the measure-
ment of the dependence on axial magnetic field, H, versus
that on applied stress o at a fixed value of induction voltage,
V(Q2w). The puoM; values of the investigated microwires
were obtained from room-temperature measurements of the
magnetization curves at high magnetic field. The ac current
value, i ~, flowing through the wire is selected to avoid
possible Joule heating of the sample: the current amplitude
does not exceed 10-30 mA.

3 Experimental Results and Discussion

3.1 Tailoring of Magnetic Properties and GMI Effect
in Co-Rich Amorphous Microwires

As can be seen from Fig. la, b, the as-prepared Cogg 2
Fe4.1B11.85113.8C1.1 and Cosp goFes.13Ni17.55B13.295110.34
microwires present quasi-linear hysteresis loops and amor-
phous structure (consisted of a diffuse halo without an
observation of any crystalline peak) as shown in XRD in
Fig. lc. A coercive field of both samples is about 4 A/m that

800  -400 0 400 800
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104 (b)
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o
= 0.0
=
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-800 -400 0 400 800
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5001 (€©) J

Fig. 1 Hysteresis loop of the as-prepared Cogg2Fes 1B11.8S1138C1.1
(a) and Cosg e9Fes 13Ni17.55B13.295110.34 (b) microwires and XRD pat-
terns (c) for the as-prepared CoggrFeq 1B118Si13.8Cy.1 glass-coated
microwires

is typical for amorphous Co-based glass-coated microwires
with low negative magnetostriction constant. The internal
stresses of as-prepared microwires give rise to an easy mag-
netization direction perpendicular to the wire axis, leading
to an alignment of the magnetic moments in the direction
which is perpendicular (circumferential) to the wire axis. As
a consequence, mostly the magnetization rotation processes
with low coercivity are observed when an axial magnetic
field is applied. On the other hand, annealing even for
quite short time and at low temperature leads to significant
changes of the magnetic properties of both studied Co-rich
microwires (Figs. 2a—d and 3a—c). By increasing the anneal-
ing time and temperature, the hysteresis loop becomes more
rectangular: remanent magnetization rises with an increase
in Tyny, although coercivity, H, remains almost the same
for all annealing conditions.
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Fig. 2 Hysteresis loops of the as-prepared (a) and annealed for
5 min at 200 °C (b), 250 °C (c), and 300°C (d) CospeoFes 13
Niy7.55B13.29S110.34 microwires
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Fig. 3 Hysteresis loops of the as-prepared (a) and annealed for 5 min
at 200 °C (b) and 300 °C (c¢) Cogg.2Fe4.1B11.8Si13.8C1.1 microwires
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Fig. 4 AZ/Z(H) dependences of the as-prepared (a) and annealed
at 200 °C for 5 min (b) Cosg.g9Feg.13Ni17.55B13.29S110.34 microwires
measured at different frequencies

In spite of considerable magnetic hardening (the most
remarkable increase of coercivity from 4 to 200 A/m for the
C050‘69F68413Ni17_55B13.295i10,34 sample), both as-prepared
and annealed microwires at different annealing conditions
present a considerable GMI effect as shown in Figs. 4 and 5.

The main difference of the observed AZ/Z(H) depen-
dences for as-prepared and annealed samples is the value
of the magnetic field, Hp,, at which AZ/Z maximum takes
place: for annealed samples, Hp, values are much lower
than those for as-prepared samples for all measured fre-
quencies. Additionally, we observed an increase of the
GMI effect with an increase of the frequency, f, for as-
prepared and annealed samples at temperatures (Tyn,) up to
250 °C (see Figs. 4 and 5). But for the sample annealed at
Tann = 300 °C, AZ/Z measured at f = 400 MHz is lower
than that for f = 200 MHz (see Fig. 5b).

Figure 6a shows the hysteresis loops of CoggoFes |
B11.8Si;38C1.1  glass-coated microwires annealed at
Tann = 300 °C for 45 min without stress and under tensile
stress of about 80 MPa.

As can be assumed, stress-annealed microwires exhibit
lower coercivity as compared to conventional annealed sam-
ples (Fig. 6a). Herein, we must consider the back stresses
arising during the stress annealing as previously reported
for Fe- and Co-based amorphous microwires [26, 27]. Such
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Fig. 5 AZ/Z(H) dependences of the annealed CosgeoFes 13
Nij7.55B13.29S110.34 microwires for 60 min at 250 °C (a) and 300 °C
(b) that were measured at different frequencies
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back stresses can result in a decrease of the magnetostriction
constant according the following equation:

As(0) = A5(0) — Bo 3

where MAg(o) is the magnetostriction constant under
stress,As(0) is the zero-stress magnetostriction constant, is
the positive coefficient of order 1070 MPa, and o is the
stresses. Furthermore, as experimentally shown in Fig. 6b,
the magnetostriction considerably changes after anneal-
ing to nearly zero for annealed Cogg2Fes 1B11.8S113.8C1 1
microwire samples after annealing at #y,, >5 min.

In addition, if the magnetostriction coefficient is low and
negative, we must consider two opposite consequences of
the internal stresses. The first contribution is an increase of
the total magnetoelastic energy given by (1). The second one
must be related to the stress dependence (either applied or
internal stresses: Ootal = Oapplied +Ointernal) ON Magnetostric-
tion coefficient described by (3), which is quite relevant
for the case of low magnetostriction constant, As o. Accord-
ingly, the magnetostriction constant under stress, Ag o, must
be decreased. Based on the dependencies observed in Figs. 2
and 3, the increase of coercivity and rectangular charac-
ter of hysteresis loops after annealing must be attributed
to the stress relaxation and corresponding magnetostriction
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Fig. 6 Hysteresis loops of the annealed Cogg2Fes 1B11.8Si13.8C1.1
glass-coated microwires at Ty, = 300°C for 45 min without
stress and under tensile stress of about 80 MPa (a), and magne-
tostriction dependence on annealing time for stress-annealed Cogg 2
Fe4.1B11.8Si13.8Cy.1 microwire samples at Ty, = 300 °C/80 MPa ( b)

changes. We can also assume that the outer domain shell
of the annealed Co-rich microwire that exhibits both a rect-
angular hysteresis loop and a GMI effect presents high
circumferential magnetic permeability. This assumption is
deduced by observing the much higher GMI ratio of Co-rich
microwires that exhibit a rectangular hysteresis loop after
annealing than those of the Fe-rich amorphous microwires
also exhibiting similar bulk hysteresis loop characteristics
but much lower GMI effect (usually about 1-5 %) [23].

We have also aimed to compare between either GMI
responses in as-prepared stress and conventional annealed
Cogy.2Fes.1B11.8S113.8C1.1 microwire samples at the same
annealing conditions as shown in Fig. 7.

As can be observed in Fig. 7, GMI responses likely
increase for stress-annealed microwire samples: AZ/Zmax
(measured at f = 200 MHz) increases from 160 % of con-
ventional annealed microwires up to &~ 325 % for the case
of stress annealing. This difference must be attributed to the
lower coercivity of stress-annealed microwires (similar to
those observed in Fig. 6a). Consequently, stress annealing is
the perspective method for optimization of the GMI effect
in Co-rich samples.
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Fig. 7 AZ/Z(H) dependencies of the as-prepared (a) conventional
and stress-annealed (at Tpp, = 300 °C for fapp, = 5 min) (b)
Cogo2Fes.1B11.8S113.8C1.1 glass-coated microwires

3.2 Tailoring of GMI Effect in Nanocrystalline Fe-Rich
Microwires

Usually, the basic method to obtain a nanocrystalline struc-
ture from the amorphous state is to control the crystalliza-
tion kinetics by optimizing the heat treatment conditions
(annealing temperature, annealing time, heating rate, etc.).
The evolution of structural and magnetic properties of the
Fe79.§CuiNb3 1Sij45B19.¢ microwire has been studied in
different annealing temperatures in the range between 400
and 650 °C for 1 h in order to investigate the devitrification
process (Fig. 8). Starting from 550 to 650 °C, a main crys-
talline peak is appearing in the range between 42° and 45°
which corresponds to the existence of «-Fe(Si) BCC crystal
structure [7-9], and another two weak peaks appear in the
range between 65° and 85°.

The grain size has been estimated based on the Scherrer
equation as we previously reported [28]. From this analysis,
we can underline that the grain size of studied microwires
increases from 17 to 22 nm upon increasing the annealing
temperature from 550 to 650 °C, respectively.

Finally, the presence of the remaining amorphous phase
is not required to reduce the net magnetocrystalline
anisotropy, but such existence of these two phases gives
a good balance of positive and negative magnetostriction

@ Springer

30 40 50 60 70 80 90

600

300
900

600

300
900

W
oS O
oS O

(o)
(=
(=]

I (arb. unit.)

(98]
(=]
(=]

[oN]
(=]
(=]

F L TTTTes As-prepared

300 - Mg

C»»'u,‘\a

TR \
A e g
1 1

30 40 50 60 70 80 90
2°0 (deg.)

Fig. 8 XRD patterns of the as-prepared and annealed Fe;p gCujNb3 |
Sij4.5B10.6 glass-coated microwires at different temperatures for 1 h

(xs), resulting finally in a very low net magnetostriction,
according to the following equation:

)\s,eff = Vcr)\s,cr + (1 - Vcr))\s,am (4)

where Agcfr is the saturation magnetostriction coefficient
and V; is the crystalline volume fraction.

Consequently, the enhanced soft magnetic properties of
these kinds of material can be achieved. As can be observed
from Fig. 9, a considerable magnetic softening is observed
after sample annealing. The dependence of coercivity, H,,
on annealing temperature is shown in Fig. 9.

Generally, a decrease of coercivity has been observed at
annealing temperatures below 600 °C as displayed in Fig. 9.
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Fig. 9 Coercivity dependence on the annealing temperature measured
in the Fe79 gCujNbs3 1Sij4.5B 0.6 microwire with p = 0.6
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Magnetic softening (the optimum softest behavior) with
a quite low value of coercivity is obtained in the samples
treated at T,,, ~500-600 °C which is ascribed to the fact
that the first crystallization process has been developed,
leading to fine nanocrystals «-Fe(Si) of grain size around
10-20 nm, and it has been widely reported for Finemet rib-
bons (see, for example, ref. [9]). An abrupt increase of the
coercivity is observed in the samples treated at temperature
above 600 °C, indicating that the beginning of such increase
should be connected to the precipitation of iron borides
(with grain size larger than 50 nm) and deterioration of the
magnetic softness.

Considering the magnetic softening observed after
devitrification of the studied sample, we measured
the GMI effect. Figure 10 displays the AZ/Z(H)
dependence of the as-prepared samples and annealed
Fe70.8CuiNb3 1Sij45B106 sample. As was expected, the
microwire samples with amorphous structure exhibit rather
poor GMI responses (~ 7 % for Fe;79 gCuiNbs 1Si14.5B10.6)
typical for Fe-based glass-coated microwires with highly
positive magnetostriction. The significant influence of the
nanocrystallization on optimizing GMI effect is visible in
Fig. 10b. Interestingly, the GMI responses show a remark-
able improvement of annealed Fe;pgCuiNb3 1Si145B10.6
microwire samples at Tpp, = 550 °C, with GMI effect being

o 600 MHz
121 . 800 MHz
« 900 MHz

(a) |

< o600 MHz | (bj
S 1207+ 800 MHz 1
P 4 900 MHz

0L ;
-18 -9
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Fig. 10 AZ/Z(H) dependences of the as-prepared (a) and annealed
at Tmm =550°C (b) Fe70Agcule3‘1Si14A5B1()<(7 microwires (p = 0.6)
measured at different frequencies

considerably enhanced from 11 to 130 % for f = 600 MHz
(Fig. 10). These observed experimental results are, indeed,
of practical interest for GMI-related applications, particu-
larly in tunable metamaterial applications recently proposed
by various authors [29, 30].

4 Conclusions

We investigated the possibility to control the magnetic prop-
erties of amorphous ferromagnetic microwires by anneal-
ing. We demonstrated that annealing conditions drastically
affect the magnetic properties. We observed that anneal-
ing of amorphous Co-rich microwire considerably affects its
hysteresis loop and GMI effect. The observed dependences
of these characteristics are attributed to stress relaxation
and changes in the magnetostriction after sample anneal-
ing. A drastic change of coercivity after annealing in the
range between 400 and 650 °C measured in nanocrys-
talline FINEMET glass-coated microwires is explained in
terms of the devitrification process caused by thermal
annealing. Enhancement of GMI has been observed upon
annealing, which affirm the optimum magnetic softness of
the FINEMET glass-coated microwires. We believe that
FINEMET-type glass-coated microwires with higher satura-
tion magnetization are good candidates for the GMI sensor
and metacomposite applications.
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