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Development of Ultra-Thin Glass-Coated Amorphous Microwires for High
Frequency Magnetic Sensors Applications
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Abstract: The giant magneto-impedance (GMI) effect has been studied in 3 different families of amorphous wires: con-
ventional amorphous wires (125 um in diameter), cold drawn wires (50 and 20 um in diameter) and thin glass coated
amorphous microwires (with metallic nucleus diameter of about 15 um). These wires have been investigated in the fre-
quency range 1 — 500 MHz. A remarkable difference in the magnetic field dependence of the GMI effect can be attributed
to the different magnetoelastic anisotropy of these three families of the wires.
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INTRODUCTION

The study of giant magneto-impedance effect (GMI) has
become a topic of intensive research in the field of applied
magnetism over the past years [1,2]. This GMI effect con-
sists of a large change in the electric impedance of a mag-
netic conductor when the material is subjected to an axial dc
magnetic field. It has been recognized that the large sensitiv-
ity of the total impedance of a soft magnetic conductor at
low magnetic fields and high frequencies of the driving ac
current originates from the dependence of the transverse
magnetic permeability upon the dc magnetic field and skin
effect. The main interest of the GMI effect is related to the
high sensitivity of the impedance to an applied magnetic
field, easily achieving up to 300% relative change of imped-
ance in amorphous wires with vanishing magnetostriction,
which is common in the (CoggsF€0.05)725B15Si125 conven-
tional amorphous wire.

Since the re-discovery of the magneto-impedance effect
in 1994, a number of investigations and developments in this
direction have been widely performed by different groups.
Thus, a CMOC IC (Complimentary Metal Oxide Silicon
Integtrated ciruits) with pulsed current operation was estab-
lished for the MI sensors [3]. The stress-impedance (SI) and
torsion impedance (TI) effects, showing a high sensitivity of
the impedance to the applied stress with a strange gauge fac-
tor of 2000-4000, have been found in amorphous wires [4].

As a result, the GMI and Sl sensors in the CMOC IC
circuitry with advantageous features comparing to conven-
tional magnetic sensors have been developed by different
companies [4]. Main applications are related to the detection
of the magnetic fields, small weights and vibrations, and
many branches of the industry. e.g., car industry and medi-
cine are main consumers of these sensors. Among the almost
100 applications, the following sensors are currently in pro-
gress: portable digital display of the terrestrial magnetic
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field, brain tumor sensor, secondary current sensor for the
induction motor control, car passing measurement and re-
cording disk, finger-tip blood vessel pulsation, mechanoen-
cephalogram sensor, etc.

Main applications were developed for the amorphous
wires, where the highest GMI effect was generally observed.
In the meantime, generally an inferior GMI effect has been
observed for other amorphous magnetic materials without
special treatment, such as amorphous ribbons and mi-
crowires, where GMI ratio is generally less than 60% [4].
The significant GMI ratio should be attributed to the en-
hanced circular magnetic permeability observed in amor-
phous wires. In fact, most experimental and theoretical re-
sults [5] have pointed out that the good magnetic softness is
directly related to the GMI effect. For instance, it was theo-
retically shown in [5] that the axial dependence of the GMI
spectra is mainly determined by the type of magnetic anisot-
ropy. It was shown particularly, that the circumferential ani-
sotropy leads to the observation of the maximum of the real
component of wire impedance (and consequently of the GMI
ratio) as a function of the external magnetic field. In contrast,
in the case of axial magnetic anisotropy the maximum value
of the GMI ratio corresponds to zero magnetic fields [5], i.e.
results in a monotonic decay of the GMI ratio with the axial
magnetic field. Consequently, non-diagonal components of
the magnetic permeability tensor and impedance tensor were
introduced in [6,7] in order to describe such circumferential
anisotropy. Therefore, for the samples with a well-defined
maximum on the axial field dependence of GMI ratio, the
importance of the non-diagonal components of the perme-
ability tensor should be noted. Besides in order to achieve
high GMI effect, the magnetic anisotropy should be as small
as possible.

Circular domain structure with high circumferential per-
meability proved to be very favorable for the highest GMI
effect [1-2]. Such domain configuration is typical for the
nearly-zero magnetostrictive amorphous wires mainly pro-
duced by Japanise company Unitika LTD [1-3]. On the other
hand, these amorphous wires with vanishing magnetostric-
tion constant present best magnetic softness [4]. It has been
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clearly demonstrated by T. Yoshinaga et al. [8] by chemical
etChing of 30 um (C00,94F90,06)72,5Si12,5Bl5 wire in 10%
HNQOg;, that the removing of the external layer with high
transverse permeability results in simultaneous degradation
of its magnetic softness, decrease of Ml effect (AZ/Z) and
increase of the squareness ratio and coercivity. Besides, it
was recently demonstrated that the applied stresses can sig-
nificantly affect the GMI effect of conventional amorphous
wires and glass coated microwires [9,10].

As has been mentioned, initially the GMI effect was in-
terpreted in terms of the classical skin effect in a magnetic
conductor assuming scalar character for the magnetic perme-
ability, as a consequence of the change in the penetration
depth of the ac current caused by the dc applied magnetic
field. The electrical impedance, Z, of a magnetic conductor
in this case is given by [1, 2]:

Z = Ryo kr Jo(kr) / 2 J1(kr) (1)

with k = (1+j)/5, where Jg and J1 are the Bessel functions, r
—wire’s radius and & the penetration depth given by:

d=(nop,f)™? 2

where o is the electrical conductivity, f the frequency of the
current along the sample, and g the circular magnetic per-
meability assumed to be scalar. The dc applied magnetic
field introduces significant changes in the circular permeabil-
ity, wg. Therefore, the penetration depth also changes
through and finally results in a change of Z [1,2]. Recently
this “scalar” model was significantly modified by taking into
account the tensor origin of the magnetic permeability and
magneto impedance [6,7].

It is worth mentioning that the shape of the magnetic
field dependence of the GMI ratio, AZ/Z, at least for the
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small negative magnetostriction constant has a non-
monotonic shape with the maximum at the field correspond-
ing to the circular magnetic anisotropy field. Therefore we
assume that the shape of the magnetic field dependence of
AZIZ should be sensitive to the magnetic anisotropy espe-
cially in the surface layer of the sample [1].

The presently strong trend to miniaturization of magnetic
elements has resulted in the development of the Taylor-
Ulitovsky method allowing to produce tiny ferromagnetic
metallic wires (1 + 30 um in diameter) covered by an insu-
lating glass coating presenting GMI effect [4,11,12]. Recent
significant progress in tailoring of magnetically soft glass
coated microwires fabricated by this method enabled to sig-
nificantly enhance the GMI ratio (up to about 600%) [4,11].
Such a high GMI effect is generally observed in Co-rich me-
tallic nucleus compositions with vanishing magnetostriction
constant, while Fe-rich amorphous microwires with rectan-
gular hysteresis loop exhibit rather poor initial magnetic
permeability and do not show GMI effect due to the strong
longitudinal magnetic anisotropy [4].

In this paper we review and analyze the results on GMI
effect in different families of thin wires by paying special
attention to tailoring the GMI ratio of thin glass-coated
amorphous microwires (with the metallic nucleus diameter
about 5-25 um) by choosing the sample geometry (thickness
of glass coating) and conditions of heat treatment by the
Joule heating.

GMI EFFECT IN DIFFERENT FAMILIES OF WIRES

The GMI effect is related intrinsically to the hysteresis
loops of the samples. Typical hysteresis loops of 3 families
of studied wires are presented in Fig. (1).
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Fig. (1). Hysteresis loops of (a) conventional Fe-rich (As>0), Fe-Co-rich (As =0)and Co-rich (A, <0) amorphous wires, (b) thin glass coated
Fe-rich (As>0), Fe-Co-rich (As =0)and Co-rich (As <0) microwires and (c) Fe-rich cold drawn wires.
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Fig. (2). DC magnetic Tield dependence of the impedance ot the conventional (CogesF€906)725Si125B15 (@) and Fe;75B15Siz 5 (b) amorphous

wires with diameter of 125 um.

As can be observed, Fe- and Co-rich wires have rectan-
gular hysteresis loops, Co-Fe-rich wires exhibit enhanced
magnetic softness (Fig. 1a), and cold-drawn wires exhibit
enhanced coercivity (Fig. 1c). The chemical composition of
glass-coated microwires drastically affects their magnetiza-
tion curves: the hysteresis loop changes from rectangular for

Fe-rich compositions to almost unhysteretic in Co-rich com-
positions (Fig. 1b).

The magneto impedance ratio, AZ/Z, has been defined as:
AZIZ=[ZH)-ZH, D1/ ZH,) (3)

The dependence of the magneto-impedance ratio, AZ/Z,
measured at different frequencies, f, for as-cast Fe;;5B15Si7 5
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and (Cog.g4Feg.06)725Si125B15 amorphous conventional wires
are presented in the Fig. (2) as a function of magnetic field,
H. In Fe;75B15Sizs amorphous wires between 10 MHz and
100 MHz the GMI effect presents monotonic decay of the
impedance with magnetic field, while at frequencies above
100 MHz such dependence changes the character, showing a
maximum at certain dc axial magnetic field, which depends
on the frequency (see Fig. 2).

On the other hand, Fe-rich cold drawn wires show a
maximum on the field dependence of the impedance, Z, even
at 10 MHz with considerable hysteresis (see Fig. 3).
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Fig. (3). DC magnetic field dependence of the impedance of the cold-drawn amorphous wire Fez; sB15Si; s with diameter of 50 um (a) and 30

um (b).
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Finally magnetic field dependence of the impedance has
been also measured in 3 different thin glass-coated mi-
crowires in the same frequency range (10-500 MHz) (see
Fig. 4). At 10 MHz the GMI of Fe-rich microwires is smaller
than in cold-drawn wires, but at higher frequencies GMI
effect significantly increases. The shape of the Z(H) is quite
different from cold drawn wires, showing roughly only the
decay with DC applied magnetic field. Small maximum can
be appreciated at about 500 MHz. Co-rich microwires ex-
hibit much higher GMI effect at all frequencies and the
shape of the Z(H) dependence is typical for the materials

with circular magnetic anisotropy, i.e. with the maximum at
certain dc axial magnetic field.

The main difference in Z(H) dependences for 3 different
families of amorphous wires can be summarized as follows:
i) GMI ratio decreases with frequency between 10 and 500
MHz in conventional wires (for Fe-rich wires this decrease
follows after the first increase of AZ/Z.x), While increases in
thinner wires (both cold drawn and glass coated); ii) Cold
drawn wires possess considerable hysteresis on Z(H) de-
pendences; iii) Even Fe-rich cold amorphous wires exhibit
considerable GMI effect at elevated frequencies.
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Fig. (5). AZIZ. (F) dependence for different amorphous wires: Conventional (a)- (C0g.o4F€0.06)725Si125B1s5; and (b)- Fez;5B15Siz5 wires;
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microwires.
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These results are summarized in (Figs. 5 and 6) where
AZIZqx (f) and Hy(f) dependences are shown.

A remarkable difference in magnetic field dependence of
the GMI effect can be attributed to the different magnetoe-
lastic anisotropy of these three families of the wires. Thus,
as-cast conventional wires possess smallest internal stresses
of the thermal origin. In the case of cold drawn wires, the
additional strong stresses are arising from the cold drawn
processing. These wires possess enhanced magnetic hard-
ness, as compared to the other families of the studied wires.
Therefore the magnetic anisotropy field, H,,, associated with
the field, at which the maximum on the Z(H) dependence
takes place[7], is the highest. Alternatively, glass-coated
wires are the composite materials.

Consequently, the glass-coating technology gives rise to
the internal stresses due to the difference in the thermal ex-
pansion coefficients of the glass coating and metallic nu-
cleus. These differences in the fabrication technique result in
the different magnetic anisotropy in the surface and in dif-
ferent frequency dependence of the GMI effect. On the other
hand, quite unusual frequency dependence of the Hy, is ob-
served in cold drawn Fe-rich wires (Fig. 6¢). In fact, this is
the unique wire showing non-monotonic dependence of Hy,

(f). Such non-monotonic dependence can be attributed to the
cold drawn induced magnetoelastic anisotropy in the surface
layer of the wire.

TAILORING OF GMI
COATED MICROWIRES

Effect of the Sample Composition, Heat Treatment and
Geometry on the Hysteresis Loops

EFFECT IN THIN GLASS-

Hysteresis loops of glass-coated microwires with sample
composition and sample geometry as the parameters (Cogo.
xMngSiyoBis, FersB13SiiiCy, and CogrFes gsNisasBi15Sius
Moy ;) are shown in (Fig. 1b). As can be observed, hysteresis
loops are quite sensible to the fabriction parameters, chemi-
cal composition and sample geometry. While Co-rich com-
positions present roughly inclined hysteresis loop in as-
prepared state, the Fe-rich microwire exhibits a perfectly
rectangular hysteresis loop.

Such strong dependence of the hysteresis loops on these
parameters can be related to the magnetoelastic energy. In
fact, the magnetoelastic energy is given by

Kme = 3/2 AsGi, (4)
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where A is the saturation magnetostriction and o; is the in-
ternal stress. The magnetostriction constant depends on the
chemical composition and nearly vanishes in amorphous Fe-
Co based alloys with Co/Fe =70/5 [4,16]. On the other hand,
the estimated values of the internal stresses in these amor-
phous microwires arising from the difference in the thermal
expansion coefficients of metallic nucleus and glass coating
are of the order of 100-1000 MPa, depending strongly on the
thickness of glass coating and metallic core diameter [17]. It
was established that the strength of such internal stresses
increases with the increasing glass coating thickness. Such
large internal stresses give rise to a drastic change of the
magnetoelastic energy, Kqei, even for small changes of the
glass-coating thickness at fixed metallic core diameter. Addi-
tionally, such a change of the p—ratio should be related to the
change of the magnetostriction constant with applied stress
[18]:

As = (U Ms/3)(dH/do), 5)
where p, Ms is the saturation magnetization.

These considerations allow us to predict that any method
to change the internal stresses (by using thermal treatment,
chemical etching, etc.) can change drastically magnetic ani-
sotropy and consequently the hysteresis loops and the GMI
behaviour.

Consequently, the hysteresis loop of Co0gg.xMng.xSizoB1s
(x=0.5) has been changed after conventional annealing (CA)
or under magnetic field annealing (MFA) treatments (see
Fig. 7).

In the case of MFA, the external axial magnetic field
applied during the MFA treatment induces axial magnetic
anisotropy, as can be appreciated from Fig. (7b).

It is known that the strength of the internal stresses, o, is
related to the glass coating thickness through the difference
in the thermal expansion coefficients of metallic nucleus and
outer glass coating solidifying simultaneously [4]. The effect
of the ratio, p, between the inner metallic nucleus, d, and the
total microwire diameter, D, on the hysteresis loops of
nearly-zero magnetostrictive Cog7Fesg5sNiy45B115Si145M01 7
microwires is shown in Fig. (8).

0.6

(o]

Magnetization, u M(T)
5 o
.‘L o

o
o

240 120 0 120 240 360
Applied field, H (A/m)

Fig. (8). Effect of the samples geometry on the hysteresis loops of

Co-rich microwires with vanishing magnetostriction constant.

-360

Until now it was assumed that the Fe-rich microwires
always present rectangular hysteresis loop associated with
the strong axial magnetic anisotropy induced by residual
stresses of mostly tensile origin [4]. Generally the conven-
tional annealing of Fe-rich microwires does not affect the
character of the hysteresis loops, and slightly change the
coercive force. As an example, the effect of the heat treat-
ment performed at T,,,=400°C in Fe;4B13Si1;C; is illustrated
in Fig. (9a). Some decrease of H, has been observed while
the squared character of the hysteresis loop remains un-
changed. On the other hand, it was recently found that the
stress annealing (SA) performed at the same annealing con-
ditions (Tann=400°C) but under applied stress, c=458 MPa,
results in drastic changes of the hysteresis loop (see Fig. 9),
which becomes inclined with a magnetic anisotropy field of
about 1000 A/m.

A transverse magnetic anisotropy induced by the SA al-
lows us to predict the existence of the magneto impedance
effect in such samples.

The above-mentioned results allow us to assume that
there are a few factors that can affect the GMI behaviour of
the glass coated microwires such as

a) Metallic nucleus chemical composition,
b) Samples geometry, and
) Thermal treatments.
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ing at T.,=400°C (d).

Tailoring of the GMI Effect

The strongest GMI effect with clear influence of the
sample geometry (pratio) on GMI curves has been observed
in C067FE3,85Ni1,45811,58i14,5M01,7 microwire (See Flg 10)

Generally, as has been predicted, the Cog;FesgsNiyss
B115SiiasMoy; sample geometry strongly affects the de-
pendence of the GMI ratio on DC axial magnetic field. As
can be observed from Fig. (10), the field Hy,, corresponding
to the maximum of the GMI ratio, increases and (AZ/Z)max
decreases with the p—ratio.

It means that the internal stresses, arising from the differ-
ence between the thermal expansion coefficients of the me-
tallic core and glass coating, strongly affect the aforemen-
tioned properties.

Indeed, the axial field dependence of (4Z/Z) measured in
C0g9.xMng.4SiypB1s (x=0.5) microwire under applied tensile
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stresses, o, ranging from 0 to 132 MPa (0 - 2.9 g of me-
chanical loading) and at f=10 MHz and 1=1 mA is shown in
Fig. (11). In the unstressed state there is a maximum in
(AZ/Z), for a value of around 130 A/m of axial applied field.
This maximum displaces towards larger applied fields and
the value of (4AZ/Z), has a non-monotonic dependence on
owith a broad maximum at around 60 MPa. The maximum
GMI ratio, (AZ/Z),,, reaches 130% at such tension.
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Fig. (10). Axial field dependence of AZ/Z at f=10 MHz and 1=0.75
mA in microwire with p as a parameter.

Magnetoimpedance ratio AZ/Z, (%)

)

X
NA9A —0o— without stress
E120 —un— =33 MPa
" —— 5=66 MPa
£ 901 —v— =132 MPa
©
o
2 60
@
o
8
.g 30“
S
Y3 ,
é’ 0— T T T T T T
= 0 100 200 300 400 500 600

Axial magnetic field, H (A/m)

Fig. (11). Effect of applied stresses on AZ/Z ratio of
Cogg5Mng 5SipB1s amorphous microwire.

Therefore, the relaxation of such internal stresses by
means of thermal treatment should drastically change both
the soft magnetic behaviour and AZ/Z(H) dependence. This
challenge is of special importance since the fabrication of the
microwires with the glass coating thickness of about 0.2 um
exhibiting very large (600%) GMI ratios is a difficult task.
This is why an identification of the processing procedure,
which permits to improve the GMI effect of the glass-coated
microwires, is very important from the viewpoint of applica-
tions. The effect of Joule heat treatment was performed using
the sample CogrFes gsNiy.45B11.55i145Mo01 7.

As expected, the performed Joule heating strongly affects
the AZ/Z(H) dependence. Fig. (12) shows this dependence
measured for as-prepared and annealed Cog7Fe3gsNis4sB11s
Si;ssMoy 7 (CA treatment) samples with the frequency, f, as a
parameter. It is well recognized that the maximum value of
the GMI ratio, AZ/Z,a, increases with f as well as after CA
treatment. Besides, the value of the axial DC-field, H, cor-
responding to the maximum of the GMI ratio, increases also
as a result of the Joule heating.
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Fig. (12). AZ/Z(H) dependence measured in as-prepared microwire
at | = 1 mA (a) subjected to CA annealing at 30 mA for 2 minutes

(b) at 40 mA for 2 minutes (c) and at 40 mA for 10 minutes for
f=1MHz (1), 10 MHz (2), 20 MHz (3)and 30 MHz (4).

In order to better illustrate the only effect of the Joule
heating, the AZ/Z(H) dependence has been measured under
the same conditions, i.e. at the fixed frequency and driving
current amplitude with a sole variation of the Joule heating
conditions. The dependence is presented in Fig. (13a) (an-
nealing current 30 mA) and in Fig. (13b) (40 mA).

(5]
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Fig. (13). AZ/Z(H) dependence measured at f=30 MHz and I=1 mA
in microwire subjected to CA annealing at 30 mA (a) and at 40 mA

(b).
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Changes induced by the thermal treatment according to
Eq. (5) should be attributed to the changes of the magnetic
anisotropy field under annealing. Thus general decrease of
the Hy, value with annealing time observed for the magnetic
field annealing treatment (see Fig. 13b), should be related to
the induction of the axial magnetic anisotropy, while CA
annealing results in an increase in the Hy,, value with anneal-
ing time.

N 100

400  -200 0 200 400

Magnetoimpedance ratio, AZ/

300
200
100-
0 . :
400 200 0 200 400
H(A/m)

Fig. (14). Effect of driving current amplitude on AZ/Z(H) depend-
ence measured at f=10 MHz in as-prepared (a), subjected to CA
annealing at 40 mA for 2 min (b) and at 40 mA for 4 min (c) mi-
crowires.

Taking into account the phenomenologically found [18]
stress dependence of the magnetostriction

Ao(0)=As(0)-Ac (6)

where A (0) is the saturation magnetostriction constant with-
out applied stresses and A is the positive coefficient of the
order of 10" MPa, one can assume that stress relaxation
should give rise to a decrease of the H,, value. Such contra-
diction can be attributed to the induction of the circular mag-
netic anisotropy after the CA due to the effect of the circular
magnetic field created by the DC current during the Joule
heating.

Another important parameter affecting the AZ/Z(H) de-
pendence is the driving AC-current amplitude. Fig. (14)
shows the effect of the driving current amplitude on the GMI
behaviour of the as-prepared and annealed micro-wires.
There are a few parameters that can be used to tailor the
GMI effect of glass coated microwires, such as time, t;,n, DC
current, I, of Joule heating, frequency, f, and driving AC-
current amplitude, I, during the measurements of the GMI
effect. The effect of all these parameters on the maximum
GMI ratio, AZ/Z 4y, is sSummarized in the Fig. (15).

It is worthwhile to notice that not only the maximum of
the GMI ratio, AZ/Z,, but also the shape of AZ/Z(H) de-
pendence change under the effect of the current annealing. In
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particular, the field corresponding to the maximum of the
GMI ratio, Hy,, depends on the current annealing conditions.
Fig. (16) summarizes the effect of all the mentioned parame-
ters on Hy,.

‘ 400

500 - A
=10 MHz
400—‘/ L O
300‘/9/'
200 =1 MHz
D ....... D ------------------------- D

Magnetoimpedance ratio, AZ/Z(%)

100-!/""

o

t_ (min)

ann
Fig. (15). Effect of driving current amplitude (a) on AZ/Z,,x meas-
ured in microwires annealed (CA treatment ) at 30 mA (dot lines)
and at 40 mA (solid lines) and effect of frequency (b) on AZ/Za
measured at | = 1 mA in microwires annealed (CA treatment ) at 30
mA (dot lines) and at 40 mA (solid lines).

30 MHz
1207 10 MHz,
1MH.Z
80- //
30 MHz
40° T
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gLy 1 MHz
E 150 6 8 10
< 5mA .
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T+ 1007 5mA
S TP PP PR PR E LR A
.................... 3mA
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0L : , . I I
o 2 4 6 8 10
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Fig. (16). Effect of frequency (a) on H,, measured at 10 MHz in
microwires annealed (CA treatment ) at 30 mA (dot lines) and at 40
mA (solid lines) and effect of driving ac current amplitude (b)
measured in the same microwires at | = 1mA annealed (CA treat-
ment ) at 30 mA (dot lines) and at 40 mA (solid lines).
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Fig. (17). Effect of Joule heating without magnetic field (CA) and
the Joule heating under axial magnetic field (MFA) on AZ/Z,,, and
H,, of studied microwires measured at 30 MHz and 1 mA.

As shown in Fig. (7), the MFA treatment of
Cog7Fes.g5Ni145B115Si145M0; 7 microwire induces axial mag-
netization axis. Taking into account that CA and MFA
treatments induce significant changes in the hysteresis loops
of CogrFe;g5Niq45B115Si145M01 7 microwires, considerable
changes of the GMI ratio dependence on the axial magnetic
field have been observed. Thus, both AZ/Z,. and H,, after
MFA treatment change through different ways owing to such
induced magnetic anisotropy (see Fig. 17).
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Fig. (18). AZ/Z(H) dependences measured in SA Fe74B13Siy;C,

microwire.

It is worthwhile to mention that, as has been predicted,
even Fe-rich sample annealed under special conditions al-
lowing to exhibit small transverse magnetic anisotropy can
exhibit GMI effect. Thus, significant GMI effect (about
60%) has been observed in the SA annealed Fe;4B13Si;;C,
microwire (see Fig. 18). Besides, this GMI effect is strongly
dependent on annealing temperature (Fig. 18) [13]. It is
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Fig. (19). (a) - hysteresis loop of SA Fe;4B13Si1;1C, glass-coated microwire measured under applied stress of 500 MPa (hysteresis loop of
Fe;4B13Si;1C, subjected to SA without stress has been shown for the comparison by dashed line), (b) - stress impedance effect of annealing
under stress (468 MPa) at 400°C for t=170s Fe74B13Si;1C, glass-coated microwire measured at 10 MHz for the driving current amplitude of 2

mA.

worth mentioning that such stress annealed Fe-rich samples
exhibiting GMI effect exhibit even more unusual feature,
such as elevated stress sensitivity of both hysteresis loops
and GMI, as it is shown in Fig. (19). Such behavior makes
them quite suitable for designing of stress sensitive elements
and sensor [13].

Development of Extremely thin Microwires with GMI
Effect

As it was mentioned above, the GMI effect is related
intrinsically to the hysteresis loops of the samples and con-
sequently the shape of AZ/Z(H) dependence is determined by
the magnetic anisotropy. Therefore in order to achieve high
enough GMI effect it is important to select right chemical
composition with vanishing magnetostriction constant,
minimizing by this way the strong effect of the internal
stress. Based on previous knowledge of the effect of chemi-
cal composition on soft magnetic behaviour of amorphous
aIons [14], a C067’05FE3’84Ni1’448i14’47811’51M01’69 ComDOSition
is selected to fabricate thin microwires. The hysteresis loop
of the microwire with inner diameter of 8.5 um is presented
in Fig. (20). As can be noted from Fig. (20), excellent mag-
netic softness with coercivity of the order of 4 A/m has been
achieved in this microwire in spite of its reduced diameter.
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€
& 0.000 4
= /s

-0.0014

-0.0024

1100 -50 0 50 100
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Flg (20) HyStereSiS |OOpS of 0067’05F63’84Ni1’448i14’47811,51M01,69
microwire.
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Fig. (21). GMI ratio of as-prepared microwire Cog75F€e384Niy a4
Si14,47B1151M0; g9 measured at frequencies up to 500 MHz.

The GMI effect of as-prepared Cog7.05F€384Ni144Si1447
Bi115:M0; 69 measured at frequencies, f, up to 500 MHz is
shown in Fig. (21). As can be observed, considerable GMI
ratio is achieved at higher frequencies, although at conven-
tional frequency f = 10 MHz, the GMI ratio is about 60%.
The shape of the DC magnetic field dependence of the GMI
ratio is typical for the samples with small and negative mag-
netostriction constant with circular magnetic anisotropy, i.e.
with a maximum at certain DC axial magnetic field, Hy,. The
maximum value of the GMI ratio, AZ/Z ., IS achieved to be
about 180% at about 200 MHz. Frequency dependence of the
AZIZ . is shown in Fig. (22).

As it was shown, imaginary part of the impedance is
quite useful for the use in magnetic sensors. Fig. (23) shows
the imaginary part the impedance, X, measured at different
frequencies.

Regarding the observed experimental results, it is worth
underlining high enough GMI effect in such thin microwires.
Usually high GMI effect has been observed in thick enough
wires or glass-coated microwires. Besides, in the case of
glass-coated microwires the glass coating thickness was
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small enough. Conventional interpretation of the GMI effect
deals with the high enough circumferential magnetic perme-
ability associated with enhanced magnetic softness in nearly-
zero magnetostrictive wires. Such enhanced circumferential
magnetic permeability is closely related to particular domain
structure of the cylindrical magnetic conductor with circular
magnetic domains in the outer shell. Appearance of such
circular domains in thin glass-coated microwires has been
theoretically predicted in thick enough microwires [15,16]
and the single domain structure was assumed for the wires
below some critical thickness. Such critical diameter is pre-
dicted to be of order of a few um. On the other hand, with
the decreasing glass-coated microwires diameter the strength
of the internal stresses drastically increases [17-19], giving
rise to the growth of the magnetoelastic energy. Therefore, it
is not an easy task to produce magnetically soft thin glass-
coated microwires, and the nearly-zero magnetostrictive
composition should be selected with a high precision.
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Fig. (22). Frequency dependence of the AZ/Z ..
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Fig. (23). Imaginary part of the impedance, X, measured at differ-
ent frequencies.

Resuming, the comparative study of 3 different families
of amorphous wires: conventional cast amorphous wires,
cold-drawn wires and glass coated wires allows us to con-
clude that from the point of view of the tendency of minia-
turization of magnetic elements the glass-coated wires are
the most promising family of these kind of materials. On the
other hand their composite origin and the additional magne-
toelastic energy related with the presence of the glass coating
require more attention to their post fabrication processing,
i.e. special thermal treatment, precise control of their geome-
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try, chemical composition of the metallic nucleus etc. From
the point of view of magnetic properties, excellent magnetic
softness can be achieved in these glass-coated micwrowires
after rigorous control of their parameters (geometry, chemi-
cal composition etc) and using post fabrication processing of
such materials.

CONCLUSIONS

The following conclusions can be drawn: the GMI effect
of 3 different families of Fe-rich and Co-rich amorphous
wires has been studied at frequencies between 10 and 500
MHz. A remarkable difference in magnetic field dependence
of the GMI effect can be attributed to the different magne-
toelastic anisotropy of these three families of the wires.

Thinnest amorphous wires can be produced by the Tay-
lor-Ulitovski technique. Such microwires exhibit extremely
good magnetic properties that can be tailored by an appropri-
ate selection of the metallic nucleus diameter, glass-coating
thickness and chemical composition of the metallic nucleus
and even by the heat treatment under magnetic field or with-
out it. There are a number of interesting effects, such as in-
duction of the small transversal anisotropy in Fe-rich mi-
crowires allowing to create extremely tress sensitive ele-
ments.
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