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We present an overview of the factors affecting soft magnetic properties, fast domain wall propagation and
giant magnetoimpedance (GMI) effect in thin amorphous wires. The magnetoelastic anisotropy is one of the most
important parameters that determine the magnetic properties of glass-coated microwires and therefore annealing
can be very effective for manipulation the magnetic properties of amorphous ferromagnetic glass-coated microwires.
Increasing of DW velocity in Fe-rich and Fe-Ni based (low Ni content) microwires is achieved after annealing. After
heat treatment of Co-rich microwires we can observe transformation of inclined hysteresis loops to rectangular and
coexistence of fast magnetization switching and GMI effect in the same sample. On the other hand stress annealing
of Fe- and Co-rich microwires allows achievement of considerable magnetic softening and GMI effect enhancement.
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1. Introduction

Novel soft magnetic wires with reduced dimensions and
improved magnetic and magneto-transport properties are
quite demanded by developing industries [1, 2]. Stud-
ies of crystalline magnetic wires exhibiting either giant
magnetoimpedance (GMI) or single domain wall (DW)
propagation attracted attention along many years [3, 4].
It is worth mentioning that magnetic properties of crys-
talline materials are affected by defects of crystalline
structure, grain size, crystalline texture, grain bound-
aries, etc. [5]. Therefore amorphous wires produced us-
ing melt quenching characterized by the absence of long-
range atomic order have attracted considerable attention
since 80-th [5-7].

One of the principal advantages of amorphous mag-
netic wires is that magnetic softness can be achieved
even in as-prepared samples avoiding in this way complex
and durable post-processing. Moreover the technology of
melt quenching (also known as rapid quenching) is not
expensive and rather fast [1, 2, 5-7]. Cylindrical symme-
try of melt quenched magnetic wires allows considerable
enhancement of GMI effect and single DW velocity as
compared to other families of soft magnetic materials [8].

The GMI effect is satisfactory interpreted in terms of
classical electrodynamics considering skin effect in mag-
netically soft conductor [8-10]. High circumferential
magnetic permeability typical for amorphous magnetic
wires is the necessary feature for observation of high GMI
effect [6-8].
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Similarly to giant magneto-resistance (GMR) effect
the GMI effect is typically expressed by the magne-
toimpedance ratio, AZ/Z defined as:

AZ|Z = [Z(H) — Z(Hwax)/Z(Hmax) (1)
where Hyaxis the maximum axial DC magnetic field
(usually up to few kA /m).

The main interest in GMI effect is related to one of
the largest magnetic field sensitivities (up to 10 %/A /m)
among non-cryogenic effects making it quite interest-
ing for application in magnetic sensors and magnetome-
ters [9-12].

The commonly used technologies for creation of mag-
netic sensors and magnetometers are Hall-effect, GMR
and fluxgates. GMI technology allows achievement of
nearly 1 pT magnetic field sensitivity making these sen-
sors suitable for the detection of biomagnetic fields [13].

For extended applications of GMI sensors not only high
magnetic field sensitivity, but also micro-size and low cost
are quite relevant parameters [8]. Therefore development
of thin magnetic wires with enhanced magnetic softness
is highly demanded by industries.

Actually there are a few families of amorphous mag-
netic wires that can be prepared using different fabrica-
tion processes involving melt quenching:

1. Conventional amorphous wires prepared using “in-
rotating water” method (diameters of the order of
100 pm) [6, 7, 9]. The disadvantage of these wires
is rather thick diameter. Therefore cold-drawn
method is proposed for the diameter reduction [14].

2. Melt extracted amorphous microwires (diameters of
30—60 pm) known since beginning of 90-th [15, 16].
These microwires present not perfectly cylindrical
shape that can affect the magnetic properties and
hence GMI effect.
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3. Glass-coated (composite) microwires (metallic nu-
cleus diameters of 0.5—40 um) prepared using so-
called modified Taylor-Ulitovsky (also known as
quenching-and-drawing method) known since 60-
th [17], but extensively studied in 90-th [18-19].
The fabrication method involves rapid solidifica-
tion from the melt of both metallic alloys in form of
wire and glass-coating. The characteristic feature
of these microwires is the enhanced magnetoelas-
tic anisotropy arising by rapid quenching itself as
well by the difference in thermal expansion coeffi-
cients [5, 18, 19].

The other quite interesting feature of different families
of magnetic wires is the possibility to observe single do-
main wall (DW) propagation [18, 20, 21|. From the
viewpoint of applications the speed of single DW prop-
agation is essentially relevant. In the case of cylindrical
amorphous microwires exhibiting spontaneous magnetic
bistability the DW speed above 1 km/s can be easily
achieved [18, 22, 23]. Aforementioned magnetic bistabil-
ity is characterized by squired hysteresis loops related to
a large and single Barkhausen jump within single domain
axially magnetized inner core of wire [18, 22, 23].

Consequently studies of single DW propagation in
amorphous glass-coated microwires are quite important
for understanding of the ways to enhance the DW veloc-
ity in other materials.

Aforementioned glass-coated microwires present a
number of advantages, such as:

e fabrication of continuous long pieces of microwire
up to 10000 m;

e control and adjustment of geometrical parameters
(inner core diameter and glass thickness) during the
fabrication process [1, 8];

e existence of insulating biocompatible glass-coating
suitable for various applications including biologi-
cal and medical applications [24];

e control of internal stresses and therefore magne-
toelastic anisotropy through the ratio, p, between
metallic nucleus diameter, d, and total microwire
diameter, D (p = d/D) [1, 25, 26];

e thinnest metallic nucleus diameter among the mag-
netic wires prepared using casting methods fami-
lies [27, 28];

e enhanced corrosion resistivity and mechanical
properties due to glass coating.

In spite of aforementioned advantages this method meets
some complexities related with peculiarities of the glass-
coated preparation technique [1, 5]. Moreover recently
formation of the interface layer between the metallic nu-
cleus and glass-coating with typical thickness of about
0.5 pm is reported [29].

All these peculiarities affect magnetic and structural
properties of cast microwires. In spite of these disadvan-
tages the highest GMI ratios (up to 600%) are reported
for Co-rich glass-coated microwires [30, 31]. Therefore
we focused our research on engineering of magnetic soft-
ness, GMI effect and single DW velocity in amorphous
and nanocrystalline glass-coated microwires.

2. Experimental method

We prepared Fe-Co-Ni based glass-coated microwires
with either positive or negative magnetostriction coeffi-
cient, A, and with different p-ratios [10].

Magnetic field dependencies of impedance, Z, and GMI
ratio, AZ/Z (defined by Eq. (1)), were obtained. We
used specially designed micro-strip sample holder placed
inside a sufficiently long solenoid allowing creating a ho-
mogeneous magnetic field, H. The sample impedance,
7, was measured using vector network analyzer from the
reflection coefficient Sy;as described elsewhere [32]. The
off-diagonal GMI component, Z.,, has been evaluated
through the transmission coefficient So; [32]. Employed
method allowed extending of the frequency range up to
GHz-range [32].

We measured the DW velocity using modified Sixtus-
Tonks-like experiments described elsewhere [18, 22, 23].
3 pick-up coils, mounted along the microwire and placed
inside the long solenoid allowed to measure the velocity
of propagating DW [18, 22, 23]. The electromotive force
(emf) sharp peaks from the 3 pick-up coils detected by
the digital oscilloscope upon passing the propagating wall
allowed estimation of the DW velocity as:

l
A
where [ is the distance between a pair of pick-up coils
and At is the time difference between the maximum in
the induced emf.

Hysteresis loops have been measured using vibrating
sample magnetometer VSM and fluxmetric technique de-
scribed elsewhere [18, 23].

The magnetostriction coefficient, s of the samples has
been evaluated using small angle magnetization rotation
(SAMR) method initially proposed for the materials ex-
hibiting only magnetization rotation [32] and recently ex-
tended for the case of magnetic microwires [33].

We evaluated magnetic properties of as-prepared and
annealed microwires. Annealing has been performed in a
conventional furnace.

3. Experimental results and discussion

3.1. Engineering of magnetic properties
in as-prepared magnetic microwires

As can be appreciated from Fig. 1, better magnetic
softness in as-prepared microwires is observed for Co-
Fe-rich microwires presenting vanishing magnetostriction
coeflicients. The magnetostriction coefficient, A4, in the
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classical system (Co,Fei_;)755115B19 can be tuned by
the chemical composition: i.e. from A\, ~ —5 x 1076
at x =1, to Ay &~ 38 x 1076 at z ~ 0.2. Nearly-zero
As-values can be achieved at Co/Fe ~ 70/5 [34, 35].

Consequently, considering magnetic properties of as-
prepared microwires they can be classified into three
main groups:

e Fe-based wires with positive (of the order of 107°)
As-values presenting spontaneous magnetic bista-
bility (rectangular hysteresis loop, see Fig. 1a);

e Co-based wires with negative (of the order of 107)
As -values exhibiting almost non-hysteretic linear
magnetization curves with rather high magnetic
anisotropy field (see Fig. 1c);

e Co-based wires with vanishing A\s —values present-
ing best magnetic softness (see Fig. 1b).
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Fig. 1. Effect of magnetostriction on hysteresis loops

of glass coated microwires: (a) Fe-rich (FezoB15Si10Cs),
(b) Fe—CO—I‘iCh (C067‘1Fe3‘8N11,4Sil4,5B11_5M01.7) and
(C) Co-rich (0077_58115]37,5).

The most appreciable difference from the other families
of magnetic wires is observed in Co-rich microwires with
negative (of the order of 107%) \,—values: they present al-
most non-hysteretic magnetization curves, while Co-rich
conventional wires exhibit rectangular hysteresis loop.

Strength of internal stresses arising during the fabrica-
tion process is the other important factor affecting mag-
netic properties of glass-coated microwires.

As mentioned above, the strength of internal stresses
in glass-coated microwires depends on a few parameters.
Basically there are three main factors affecting total in-
ternal stresses: i) quenching stresses associated to the
rapid quenching from the melt of the metallic ingot; ii)
stresses related to the different thermal expansion co-
efficients of metallic alloy and glass solidifying together
and iii) stresses associated to the drawing of solidifying
wire [19, 25, 26]. Additionally the strength of the inter-
nal stresses, ¢;, is directly to the p-ratio: o; increase with

decreasing of the p-ratio [25, 26, 26]. Therefore the in-
ternal stresses can be controlled though the fabrication
parameters through the p-ratio.

As an example, in Co-rich microwires of the same
chemical composition (with low and negative \;-values
of about 10~7) presenting linear hysteresis loops the field
of magnetic anisotropy decrease with p-ratio increasing
(Fig. 2a). In the case of Fe-rich microwires (with posi-
tive A\ —values of about 35 x 107%) the coercivity, H,,
decreases with —p-ratio increasing (Fig. 2b).
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Fig. 2. Effect of p-ratio on hysteresis loops of
0067,1Fe3,8Ni1‘4Si14,5B11,5MO1‘7 microwires (a) and Of
Fe7oB15Si10Cs amorphous microwires (b).

Both aforementioned parameters affect the magnetoe-
lastic anisotropy, K., given as:

Kpe = 3/2\g0;, (3)
where Agis the saturation magnetostriction and o; is the
internal stress.

Consequently the magnetoelastic anisotropy is one of
the most relevant parameters affecting magnetic proper-
ties of glass-coated microwires.

It is theoretically predicted and experimentally con-
firmed [37, 38] that the GMI ratio and magnetic field
dependence are determined by the magnetic anisotropy.
Therefore the difference in AZ/Z/(H) dependencies ex-
perimentally found in Fe-rich and Co-rich microwires (see
Fig. 3) is not surprising: a decay of impedance, Z, ver-
sus H is observed in Fey5BgSiioC4 microwires, while one
order higher maximum GMI ratio, AZ/Z,,, and dou-
ble -peak AZ/Z(H) dependencies are experimentally ob-
served for Cogg.oFey.1B11.85113.8C1.1 magnetic microwires
(Fig. 3).
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of experimental data.

The influence of internal stresses on GMI effect is evi-
denced by the AZ/Z/(H) dependencies measured in Co-
rich microwires with the same composition of the metal-
lic nucleus but with different p-ratios: both AZ/Z,, and
field of AZ/Z /(H) maximum, H,,, are affected by p-ratio
for 0067.1F€3.8Ni1_4Si1A45B11_5 microwires with different
p-ratio (see Fig. 4).

Not only GMI effect, but also other magnetic proper-
ties, such as DW dynamics are affected by the magnetoe-
lastic anisotropy.

The effect of internal stresses (modified through the
p-ratio) on v(H) dependence of microwires of the same
(Coy1.7Fes6.45110.1B11.8) composition is shown in Fig. 5.
In according to our measurements these microwires
present magnetostriction coefficient, Ay ~ 20x 1076, that
is in good agreement to earlier published results [39].
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Fig. 6. wv(H) dependencies for Fes9Niz7.9Si7.5B15

(p ~ 0.43) and FesaNii5.55i7.5B15 (p ~ 0.42) microwires
with different magnetostriction coefficients. Solid lines
show a linear fit of experimental data.

Similar dependence has been observed in Fe-Ni- based
microwires (FeﬁgNi15.5Si7,5B15 and Fe49.6Ni27.gSi7,5B15)
with quite similar p-ratios (p ~ 0.43 and 0.42 respec-
tively) but with different A;-values (A\s =~ 25 x 10~% and
17 x 107 respectively): decreasing of DW velocity with
increase of magnetoelastic anisotropy (see Fig. 6).

Consequently, magnetic properties and the GMI ratio
of as-prepared microwires can be easily tailored by the
magnetoelastic anisotropy though changing of p—ratio or
As —values.

3.2. Tuning of magnetic properties
i magnetic microwires by thermal treatment

Considering high internal stresses arising during the
preparation of composite microwires we considered to
tailor the magnetoelastic anisotropy as well as magnetic
properties by thermal treatment.

Surprisingly considerable magnetic hardening is ob-
served in almost all Co-rich glass-coated microwires
after annealing [40, 41]. Considerable coerciv-
ity growth observed in Cogg oFes.1B11.85113.8C1.1 and
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Fig. 7. Hysteresis loops of as-prepared
and annealed for 5 min at different tem-
peratures 0069,2F64,1B11_gSi13lscl_1 and

CO50A7F68A 1N117A6B13A38110,3 microwires.

0050_7F€8.1Nil7.6B13.3Silo.3 microwires after annealing
can be appreciated (Fig. 7).

For interpretation of unexpected magnetic hardening
of Co-rich microwires after annealing we must consider
the internal stress relaxation as well as related changes
of domain structure: growing of the inner axially mag-
netized core induced by stress relaxation [40-42]. In-
deed in most of the volume of metallic nucleus the axial
stresses induced by preparation method are the dominant
one [25, 36]. In negative magnetostrictive microwires
these internal stresses result in circumferential easy mag-
netization direction. Consequently stress relaxation dives
rise to inner axially magnetized core volume increasing.

Aforementioned changes of domain structure and
hence of hysteresis loops are reflected in change of
the GMI effect after annealing of Co-rich microwires
(Fig. 8a): maximum GMI ratio, AZ/Z,,, considerably
decrease after annealing. On the other hand stress an-
nealing of the same microwires results in growing of GMI
ratio (Fig. 8b).

This opposite tendency in evolution of GMI ratio after
annealing and stress-annealing must be related to stress-
induced anisotropy. It is well-known that induced mag-
netic anisotropy can play an important role in annealed
amorphous materials (especially in the presence of mag-
netic field or/and applied stress) [43].

The origin of induced anisotropy in amorphous ma-
terials is commonly associated to either pair ordering
or back stresses [1, 39, 40, 44-46]. Consequently re-
markable changes of magnetic properties are expected
for amorphous materials containing more than one tran-
sition metal. In the present case glass-coated microwires
annealed under stress and without stress at the same an-
nealing conditions present considerably different hystere-
sis loops: stress annealed samples present lower coerciv-
ity (Fig. 9).

Even stronger hysteresis loops changes are observed
after stress-annealing of Fe-rich samples: a considerable
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Fig. 8. AZ/Z(H) dependencies of

Cogg.2Feq.1B11.85113.8C1.1 microwires: (a) as-prepared
and annealed at Tynn = 300°C for tgnn = 5 min and
tann = 60 min and (b) as-prepared and stress- annealed
at Tynn = 300°C for tunn = 5 min and tenn = 15 min
(b). All measurements are performed at 200 MHz.
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Fig. 9. Hysteresis loops of annealed and stress-
annealed Cogg.2Fes.1B11.85113.8C1.1  microwires at
Tann = 300 OC fOI' tann = 45 min.
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magnetic softening and coercivity reduction is observed
in stress annealed Fe75BgSi1oCy microwires (Fig. 10).

A considerable magnetic softening and changing of the
hysteresis loop character observed after stress-annealing
giving rise to increasing of GMI ratio and change of
AZ/Z(H) dependence. Stress annealed FersBgSi;2Cy
microwires present double-peak AZ/Z(H) dependence
typical for magnetic wires with transverse magnetic
anisotropy.

Stress relaxation after annealing affects not only hys-
teresis loops and GMI but also the DW dynamics of mi-
crowires: considerable DW velocity enhancement can be
observed in Fe and Fe-Ni based microwires after anneal-
ing (Fig.11a). Additionally single DW propagation can
be also observed in Co-rich microwires in which magnetic
bistability is induced by annealing (Fig.11b). The same
Cogg.oFeq.1B11.85113.8C1.1 microwire presents also rather
high (above 150%) GMI ratio (as shown in Fig. 8).

We must underline that the properties presented by
annealed Co-rich microwires are unique. They present
both most interesting features in the same sample: fast
DW propagation (up to 2.5 km/s) and high GMI ef-
fect (AZ/Z ~ 150%). Aforementioned combination of
magnetic properties of Co-rich microwire with magnetic
bistability induced by annealing must be attributed to
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Fig. 11. Dependencies of DW velocity as a function

of magnetic field, H measured in as-prepared and an-
nealed for 16 min at T,n, ~ 410°C Fer5BgSii2oCy and
Feg2Nii5.55i7.5B15 (a) and annealed at Tonn & 300°C
fOI‘ 5 min 0069A2F64,1B11Assi13A8C1A1 (b) microwires.

peculiar domain structure. As mentioned above, mag-
netic bistability typically observed in Fe-rich microwires
is explained considering existence of inner axially magne-
tized singe domain [47]. Therefore for Co-rich microwires
with induced magnetic bistability we must consider the
domain structure consisting of single-domain inner ax-
ially magnetized core and outer domain shell with high
circumferential magnetic permeability [48]. This assump-
tion is supported by quite high GMI ratio of annealed Co-
rich microwires exhibiting rectangular hysteresis loop.

4. Conclusions

Thin magnetic wires present a number of magnetic
properties suitable for various technological applications:
excellent magnetic softness, giant magnetoimpedance
(GMI) effect and fast domain wall propagation. Low co-
ercivity and high GMI effect have been observed in as-
prepared Co-rich microwires with negative magnetostric-
tion coefficient. Rectangular hysteresis loops and fast
domain wall propagation are observed in as-prepared
Fe-rich microwires with positive magnetostriction coeffi-
cient. Annealing allows considerable modification of hys-
teresis loops, magnetic softness, domain wall dynamic
and GMI effect. Increasing of DW velocity in Fe-rich
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and Fe-Ni based (low Ni content) microwires is achieved
by annealing. After annealing of Co-rich microwires we
can observe transformation of inclined hysteresis loops to
rectangular and coexistence of fast magnetization switch-
ing and GMI effect in the same sample. On the other
hand stress annealing of Fe- and Co-rich microwires al-
lows achievement of considerable magnetic softening and
GMI effect enhancement.
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