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Abstract We present results on our studies of soft mag-
netic properties and Giant magnetoimpedance, GMI, effect
in thin microwires at elevated frequencies paying special
attention to tailoring the GMI effect and achievement of
high GMI effect with low hysteretic behavior. We mea-
sured magnetic field, H, dependence of real part, of the
longitudinal wire impedance up to frequency, f, 4 GHz
in Co-rich microwires. Amorphous microwires of appropri-
ate composition exhibit extremely soft magnetic properties
with low coercivity (generally below 10 A/m) with well
defined magnetic anisotropy field, Hy. We report a num-
ber of interesting for sensor applications phenomena such
as stress-impedance effect and stress sensibility of overall
hysteresis loop shape. Field dependence of the off-diagonal
voltage response of pulsed GMI effect in nearly-zero mag-
netostriction (As ~ —3 x 10~7) microwires exhibits anti-
symmetrical shape, suitable for industrial applications. We
observed that the magnetic field dependence of GMI ratio
can be tailored either controlling magnetoelastic anisotropy
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of as-prepared microwires or by heat treatment. Composite
character of such microwires results in the appearance of
additional magnetoelastic anisotropy. We found that if the
surface anisotropy is not circumferential, then the magneti-
zation, and consequently, the MI curve Z(H) present hys-
teresis. This hysteresis can be suppressed by application of
sufficiently high DC bias current I that creates a circum-
ferential bias field Hg.

Keywords Magnetic microwires - Giant
magnetoimpedance - Magnetoelastic anisotropy

1 Introduction

Soft magnetic materials continue playing an important role
in modern industries owing to many important technologi-
cal applications. Among different families of soft magnetic
materials, magnetically soft thin wires (with typical diam-
eters from 1 to 120 um) attract considerable interest ow-
ing to unusual magnetic properties exhibiting by amorphous
ferromagnetic wires such as magnetic bistability and giant
magnetoimpedance, GMI, effect [1-3]. These properties are
quite attractive for the magnetic sensor applications.

One of the recent tendencies related with development of
industrial applications is the miniaturization of the magnetic
sensors. Consequently, soft magnetic wires with reduced di-
mensionality and outstanding magnetic characteristics, such
as melt extracted wires (typically with diameters of 40—
50 um) [4, 5] and glass-coated microwires with even thinner
diameters (between 1-40 pm) [6, 7] recently gained much
attention. The advantage of the Taylor—Ulitovsky method al-
lowing the fabrication of glass-coated metallic microwires
consists of controllable fabrication of long (up to few km
long continuous microwire) and homogeneous thin compos-
ite wires.
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Recently, certain progress on improvement of soft mag-
netic properties and achievement of high GMI effect of glass
coated microwires has been reported at the laboratory level
[7]. This gives rise to development of industrial applications
for low magnetic field detection in various industrial sectors
[6, 8].

GMI effect consists of large sensitivity of the impedance
of magnetically soft conductor on applied magnetic field.
GMI effect has been successfully explained in the terms
of classical electrodynamics through the influence of mag-
netic field on penetration depth of electrical current flow-
ing through the magnetically soft conductor [9, 10]. Ex-
cellent magnetic field sensitivity of GMI effect is suitable
for low magnetic field detection. Cylindrical shape and high
circumferential permeability observed in amorphous wires
are quite favorable for the achievement of a high GMI ef-
fect [4, 7-10]. As a rule, better soft magnetic properties
are observed for nearly-zero magnetostrictive compositions.
It is worth mentioning that the magnetostriction constant,
As, in system (CoyFei_,)75Si15B19 changes with x from
—5x107%atx =1,to As & 35 x 1070 at x &~ 0.2, achieving
nearly-zero values at Co/Fe about 70/5 [11].

It was pointed out [2—6] that the good magnetic soft-
ness is directly related to the GMI effect: The magnetic
field dependence of the GMI spectra is mainly determined
by the type of magnetic anisotropy. Thus, the circumferen-
tial anisotropy 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.
On the other hand, in the case of axial magnetic anisotropy,
the maximum value of the GMI ratio corresponds to zero
magnetic fields [2-6], i.e., results in a monotonic decay of
the GMI ratio with the axial magnetic field. Afterward, the
“scalar” model of GMI effect was significantly modified tak-
ing into account the tensor origin of the magnetic permeabil-
ity and magnetoimpedance [12-15]. Consequently, nondi-
agonal components of the magnetic permeability tensor and
impedance tensor were introduced [6, 12, 13] in order to
describe the circumferential magnetic anisotropy in amor-
phous wires. It was established that to achieve high GMI
effect, the magnetic anisotropy should be as small as possi-
ble.

From the point of view of industrial applications, low
hysteretic GMI effect with linear magnetic field dependence
of the output signal are desirable [6, 8]. Antisymmetrical
magnetic field dependence of the output voltage with linear
region has been obtained for pulsed GMI effect based on
detection of the off-diagonal GMI component of amorphous
wires [0, 8, 12]. Such pulsed scheme for GMI measurements
resulted quite useful for real GMI sensors development [8].

Magnetic anisotropy of amorphous microwires in the
absence of magnetocrystalline anisotropy is determined
mostly by the magnetoelastic term [15-19]. Therefore, the
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magnetic anisotropy can be tailored by thermal treatment
[15, 20]. On the other hand, recently considerable GMI hys-
teresis has been observed and analyzed in microwires. This
GMI hysteresis has been explained through the helical mag-
netic anisotropy [21].

Consequently, in this paper, we studied the GMI ef-
fect (GMI ratio, AZ/Z, diagonal Z,;, and off-diagonal
impedance tensor Zy, components) and hysteretic magnetic
properties in ultra-thin amorphous glass-coated microwires
with vanishing magnetostriction constant and report results
on correlation of the GMI effect with magnetic anisotropy
and possibilities to tailor magnetic field dependence of the
GMI effect.

2 Experimental Details

We studied microwires with nominal compositions
Cog7.1Fe3 8Niy 4Si14.5B11.5Mo1.7, Coee.87Fe3.66Co.985111.47
B13,36M01.52, and C066Cr3,5Fe3,5B16Sil1 different diame-
ters of metallic nucleus, d, total diameters, D, and con-
sequently different p-ratios (p = d/D) fabricated by the
Taylor—Ulitovsky method [6, 7, 15].

It is worth mentioning that the strength of internal
stresses is determined by ratio p [6, 19, 22]. Therefore, con-
trollable change of the p-ratio allowed us to control residual
stresses.

The magnetoelastic energy, K, is given by
Kme ~3/2)0, (1

where o = o + 0,—total stress, oj—are the internal stresses,
o,—applied stresses, and As—magnetostriction constant
[6].

In this way, we studied the effect of magnetoelastic con-
tribution on soft magnetic properties and GMI effect of
microwires controlling the magnetostriction constant, ap-
plied and/or residual stresses.

We have measured dependences of the diagonal Z,, and
off-diagonal Z,, impedance components and the GMI ratio,
AZ/Z,on external axial magnetic field A in Co-rich micro-
wires, as described elsewhere [6, 21]. We use a specially de-
signed microstrip cell previously described elsewhere [21,
23]. The components Z,, and Z,, were measured simul-
taneously using a vector network analyzer. The diagonal
impedance of the sample Z,, = Z,.I, where [ is the wire
length was obtained from reflection coefficient Sy; and the
off-diagonal impedance Z,; was measured as transmission
coefficient S»; as a voltage induced in a 2-mm long pick-up
coil wounded over the wire. The static bias field Hg was cre-
ated by the d, current Ig applied to sample through the bias-
tee element. The frequency range for the off-diagonal com-
ponent Z,, was 10-300 MHz, while the diagonal impedance
component has been measured until 7 GHz.
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Fig. 2 Frequency dependence of Cogg 87Fe3.66C0.98S111.47B13.36Mo0] 52 microwires with different metallic nucleus diameters

For practical sensor, the pulsed excitation is preferred
over sinusoidal because of simple electronic design and low
power consumption, therefore, we studied also the pulsed
GMI effect using pulsed excitation scheme, as described
elsewhere [6, 12, 13].

Hysteresis loops have been measured by the induction
method, as described elsewhere [6].

3 Experimental Details and Discussion
3.1 Frequency Dependence of GMI Effect

Magnetic field, H, dependence of real part, Z; of the lon-
gitudinal wire impedance Z,, (Z,, = Z1 + i Z>), measured
up to 4 GHz in CogeCr3 sFe3 5B16Si11 and Cog7Fe3 gsNij 45
B11.5Si145Mo; 7 microwires are shown in Fig. 1. General
features of these dependences are existence of two maxi-
mums that shift to higher magnetic fields with increasing

the frequency, f. Considerable GMI effect has been ob-
served even at GHz-range frequencies. On the other hand,
if the maximum applied magnetic field is not high enough,
impedance change induced by applied magnetic field at high
frequencies decreases starting from some frequency.

For example, most of the studied microwires show the
highest GMI ratio at frequencies between 100 and 300 MHz
(see Fig. 2). Other interesting features observed in Figs. 2a, b
are that the frequency dependence of maximum GMI ratio,
AZ/Zn(f), measured in microwires of the same composi-
tion and different diameters present an optimum frequency
(at which AZ/Z, versus f exhibits the maximum) at differ-
ent frequencies. Thus, for metallic nucleus diameters rang-
ing between 8.5 and 9.0 um, the optimal frequency is about
100 MHz, while for microwires with metallic nucleus diam-
eters between 9 and 11.7 um the optimal frequency is about
200 MHz.
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Fig. 3 Magnetic field dependences of the coefficient Sy; at 10 MHz
(a) and Z|(H) dependences at different frequencies (b) measured in
Cog7Fes g5sNij 45B11.5S114.5Mo01 7 microwire

Off-diagonal and diagonal components of GMI, mea-
sured in Cog7Fe; g5Nij 45B11.5S114.5Mo01 7 microwires are
shown in Fig. 3. As can be appreciated from Fig. 3, con-
siderable hysteresis for both off-diagonal and longitudinal
impedance is observed for studied microwires. It is im-
portant that the GMI hysteresis does not depend on fre-
quency: increasing the frequency the GMI hysteresis per-
sists (Fig. 3b). It is worth mentioning that usually the DC
magnetic field that corresponds to the maximum GMI ratio,
Hy,, is attributed to the static magnetic anisotropy field, Hy.

As regarding to the origin of the frequency dependence
of Hp,, observed in Fig. 1 for both microwires, there are dif-
ferent points of view. Experimentally, we observed that the
magnetic field at which the maximum occurs considerable
increase with frequency, f.

The possible explanation for this is that the magnetic
structure and the anisotropy can be different near the sur-
face. At higher frequencies, the current flows closer to the
surface, then the effective anisotropy field and dispersion
can change with frequency. Another reason might be con-

@ Springer

nected with the frequency dependence of the domain wall
permeability.

Another interpretation is related with close analogy be-
tween giant magnetoimpedance and ferromagnetic reso-
nance, as previously reported elsewhere [5, 23]. Indeed, sat-
uration magnetization can be estimated from the equation

My =0.805 x 107%df3/dH )

where f is the resonant frequency, H is the applied mag-
netic field, and Mg is the saturation magnetization. This ap-
proach predicts the linear relation between the square of
the resonance frequency and the applied field, foz(H ). Our
experimental data for two Cog7.05Fe3.85Ni14B11.33S114.47
Mo g9 microwire samples with different p-ratios fits well
with the predicted linear dependence (see Figs. 4b, d).

The saturation magnetization values, obtained from (2)
give us quite reasonable values of about 0.5-0.53 MA/m.

Consequently, we observed considerable GMI effect
at GHz-range frequencies in studied microwires (Figs. 1,
4a, c). Therefore, developed materials are useful for engi-
neering of tunable metamaterials where the GMI effect in
microwires embedded into dielectric matrix is used to con-
trol the effective electromagnetic properties of composite
material [6, 24]. On the other hand, frequency dependence
of GMI effect at GHz frequencies fits well with ferromag-
netic resonance behavior, as previously reported elsewhere
[23, 25].

3.2 Effect of Magnetoelastic Anisotropy and GMI
Hysteresis

As mentioned above, the internal stresses, oj, arising during
simultaneous rapid quenching of metallic nucleus surround-
ing by the glass coating are the source of additionally mag-
netoelastic anisotropy. The strength of such internal stresses
can be controlled by the p-ratio: strength of internal stresses
increases decreasing p-ratio (i.e., increases with increasing
of the glass volume) [17-19].

Consequently, the parameter p must be considered as one
of the factors that affect both soft magnetic properties and
GML

Figure 5 shows the influence of the p-ratio on hystere-
sis loops and magnetic anisotropy field of Cog7.1Fe3 gNij 4
Si1s5 Bi1.5 microwires with the same composition of the
metallic nucleus, but different p-ratio.

As can be appreciated, all studied samples exhibited ex-
cellent magnetically soft properties with low coercivities
(between 4 and 10 A/m). Magnetic anisotropy field, Hg, is
found to be determined by the p-ratio, decreasing with p
(Fig. 5b), as previously reported [6].

Consequently, one can expect that the p-ratio must affect
the GMI effect of studied samples.
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R measured the GMI effect under tensile stresses in various
H Co-rich microwires. Figure 7 presents tensile stress depen-
< dence measured in C067_05Fe3.35Ni1.4B11_33 Si14447M01_69
and Cogg.sMng 5Sij9B15s microwires. We observed that
AZ/Z and Hy, are quite sensitive to the application of exter-
100 nal tensile stresses, o,: Here, the magnetic field, Hy, corre-

o (MPa)

Fig. 7 AZ/Z(H) dependences of Cog7.05Fe3g5Nij.4B11.33S114.47
Moj g9 (a) and Cogg 5sMng 5Sij9B15 (b) amorphous microwires mea-
sured at different o, and Hpy, (o) dependence for Cogg 5Mng 5Si10B15
amorphous microwire (c)

Figure 6 presents results on magnetic field dependences
of AZ/Z measured in Cog7,05Fe3.85Ni1 4B11.33S114.47Mo07 69
microwire samples with different p-ratios.

Indeed, both maximum values of the GMI ratio, AZ/ Z,,
and the magnetic anisotropy field present considerable de-
pendence on samples geometry. It is worth mentioning that
for similar microwires composition AZ/Zy ~ 600 % has
been observed for optimized microwire geometry factors
(p-ratio) [6, 26].

Considering that the magnetoelastic energy, Ke, is de-
termined by both internal, oi, and applied stresses, o,, we
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sponding to the maximum of (AZ/Z) shows a roughly lin-
ear increase with o (Fig. 7c). From the Hy, (o) dependence
exhibiting a slope of around 0.7 A/(mxMPa), we estimated
the unstressed value of the saturation magnetostriction con-
stant, Ag o. Estimated A; o~ —2 x 10~7 values are rather
reasonable in comparison with the reported values measured
from the stress dependence of initial magnetic susceptibility
(As,0 & —3 x 1077 for such composition) and the magne-
tostriction values measured in amorphous wires of similar
compositions [6, 11, 27].

In fact, the tendency on the change of Hy, under applica-
tion of tensile stresses (Fig. 8c) and the change of Hy, and
Hj with decreasing the p-ratio (Figs. 6, 7) is the same that
confirms the effect of magnetoelastic anisotropy on hystere-
sis loops and GMI effect.

It is worth mentioning that in some cases the value of
maximum GMI ratio (AZ/Z)y, has a nonmonotonic de-
pendence on o (either applied or internal) exhibiting a
broad maximum at around 60 MPa ((AZ/Z)y ~ 130 %)
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for Cogg.sMng 5Si19B15 microwire (Fig. 7c) or exhibiting a
maximum at intermediate p-ratio values (Fig. 6a).

Our recent studies reveal that the easy magnetization
axis of Co-rich microwires is often considerable deviated
from the transversal direction. Thus, we explained the na-
ture of observed low field hysteresis on Z;(H) and Z,,(H)
(Figs. 3a and 3b) considering the existence of helical mag-
netic anisotropy [21]. Consequently, application of circular
bias magnetic field Hg produced by DC current /g running
through the wire affects the hysteresis and asymmetry of the
MI dependence, suppressing this hysteresis when /g is high
enough (see Fig. 8, where effect of bias voltage on diago-
nal impedance, Z1, and on S>; parameter, proportional to
off-diagonal GMI component is shown).

3.3 Pulsed GMI Effect

As mentioned above, antisymmetrical magnetic field depen-
dence of the output voltage with monotonic magnetic field
dependence at zero-field region can be obtained for pulsed
excitation regime. The output voltage from the pick-up coil
surrounding microwire is proportional to the off-diagonal
GMI component of amorphous wires. Figure 9 shows field
dependence of the off-diagonal voltage response, Vy, mea-
sured using pulsed scheme, in Cog7.1Fe3 gNij4Sij45B115
Mo 7 (s &~ —3 x 10~7) microwire with different geom-
etry: metallic nucleus diameter of 6 um and total diame-
ter 10.2 pm (p = 0.59) and metallic nucleus diameter of
8.2 um total diameter of 13.7 um (p = 0.6). Observed an-
tisymmetrical magnetic field dependence can be suitable for
determination the magnetic field direction in real sensor de-
vices [6, 12]. It should be noted from Fig. 9 that the Vo (H)
curves exhibit nearly linear growth within the field range
from — Hy, to Hy,. The Hy, (about 240 A/m) limits the work-
ing range of MI sensor. As can be observed, the amplitude
of the V, increases with increasing the metallic nucleus di-
ameter, d. On the other hand, the Hy, value depends on the
microwires geometry.
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Fig. 10 Vo, (H) response of Cog7.71Fe428Ni1.57B12.4Si11.24Moj 25
with similar metallic nucleus diameters, d, and different p-ratios (a)
and H (p) dependence (b)

Figure 10 shows Vg, (H) dependences measured for
Cog7.71Fe4.28Ni1 57B12.4S111.24Mo1 25 microwires with sim-
ilar d-values but with different p-ratios. As observed in
Fig. 10b, Hp, decrease increasing p-ratios. Hy should be
associated with the magnetic anisotropy field. Like in the
case of conventional GMI effect, the effect of the p-ratio on
Vout(H) (Fig. 10b) should be attributed to the magnetoelas-
tic anisotropy related with the internal stresses.

Since the magnetostriction constant given by (1) is
mostly determined by the chemical composition and achieves
almost nearly-zero values in amorphous alloys based on
Fe—Co with Co/Fe ~ 70/5is = 0 [6, 11], the effect of the
internal stresses determined by the p-ratio must be taken
into account.

Additionally, to the composition and geometrical factors,
the magnetoelastic anisotropy can be also be tailored by re-
ducing the internal stresses through the application of heat
treatment.
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3.4 Manipulation of GMI Effect and Magnetic Properties
by Heat Treatments

The influence of Joule heating on off-diagonal field charac-
teristic of nearly zero magnetostriction Cog7Fe335Nij 45
B115Sij45Mo; 7 microwire with diameters 9.4/17.0 pm
(p =~ 0.55) is shown in Fig. 11a. One can see that the ther-
mal annealing with 50 mA DC current reduces the Hy, from
480 A/m in as-cast state to 240 A/m after 5 min annealing.

304 (a)
iy
1 —=—as-prepared Ap
154 —a—annealed 5 min

800

Lo+ 10 min

* =4 min
------ 2 min
as-prepared
T T T T T T T T
-200 -100 0 100 200
H (A/m)

Fig. 11 V,y(H) of as-prepared and Joule-heated Cog7Fes3 g5Nij 45
B11.5Si14.5Mo1 7 microwire (current annealing with 50 mA current in-
tensity) (a) and AZ/Z(H) dependences of heated Cog7Fe3 g5Nij 45
B11.5Si14.5Mo1 7 microwire measured at f =30 MHz and / =1 mA
in microwire subjected to CA annealing at 40 mA for different time (b)

Similarly, current annealing (due to Joule heating) in-
duced changes in GMI response (Fig. 11b). This effect
should be mostly attributed to the stress relaxation (although
electrical current also induce circular magnetic field).

As demonstrated before, application of stress and/or
magnetic field during annealing of amorphous materi-
als may induce strong additional magnetic anisotropy.
In the case of microwires, this induced anisotropy can
be reinforced due to strong internal stresses (therefore
even conventional annealing must be considered as stress-
annealing) [20, 22]. In some cases, this results in dras-
tic changes of hysteretic magnetic properties and GMI
behavior [15, 21]. As an example, application of axial
magnetic field during annealing induces axial magnetic
anisotropy in Co-rich microwires (Fig. 12). Here hystere-
sis loops of Cog7Fe385Nij45B11.5Si14.5Mo01 7 microwires
(d =224 ym, D = 22.8 ym) annealed by Joule heating
without (CA) and under application of axial magnetic field
(FCA) are shown. As can be appreciated, application of
magnetic field during annealing completely resulted in the
opposite tendency in changing of magnetic properties in-
duced by annealing: increasing of remanent magnetization
and decreasing of coercivity after FCA is observed, while
CA treatment induced decreasing of the remanence and of
the coercivity.
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Fig. 12 Effect of CA and FCA on hysteresis loops of Cog7Fes s
Nij 45B11.5Si14.5Mo1 7 microwires (d =22.4 um, D =22.8 um)
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Fig. 14 Stress impedance effect of stress annealed Fe74B13Sij1Ca
glass-coated microwire under stress (468 MPa) at 275 °C for 0.5 h
measured at frequency, f = 10 MHz for the driving current amplitude
of 2 mA

In the case of Fe-rich microwires subjected to the an-
nealing in the presence of tensile stresses complete change
of magnetic anisotropy can be realized (Fig. 13). Stress
annealing of Fe74B13Si;1Cy microwires resulted in induc-
tion of considerable stress induced anisotropy [20]. The
shape of hysteresis loop completely changes and the strength
of induced changes depends on time and temperature of
annealing (Fig. 13a). In this case, the easy axis of mag-
netic anisotropy has been changed from axial to transver-
sal [20]. Additionally, application of stress during mea-
surements of stress-annealed microwires with well-defined
transverse anisotropy results in drastic change of the hys-
teresis loop (Fig. 13b).

Origin of such stress-induced anisotropy is related with
so-called “back stresses” originated from the composite ori-
gin of glass-coated microwires annealed under tensile stress:
compressive stresses compensate axial stress component
and under these conditions transversal stress components are
predominant [20].

Consequently, these stress annealed samples exhibit
stress-impedance effect, i.e., impedance change (AZ/Z)
under applied stress, o, observed in samples with stress in-
duced transversal anisotropy (see Fig. 14) [20].

It should be assumed that the internal stresses relax-
ation after heat treatment should drastically change both the
soft magnetic behavior and the AZ/Z(H) dependence due
to the stress relaxation, induced magnetic anisotropy and
change of the magnetostriction constant under annealing.

4 Conclusions

In thin amorphous wires, produced by the Taylor—Ulitovsky
technique, magnetic softness and magnetic field dependence

of GMI effect (both longitudinal and off-diagonal) and GMI
hysteresis are determined the magnetoelastic anisotropy.
This magnetoelastic anisotropy can be manipulated by the
sample geometry and adequate annealing. There are a num-
ber of interesting effects, such as induction of the transversal
anisotropy in Fe-rich microwires allowing observation of the
stress-impedance effect and stress sensibility of overall hys-
teresis loop shape. Observed low-field GMI hysteresis can
be suppressed by the bias electrical current.

Studies of diagonal and off-diagonal MI tensor compo-
nents of glass-coated microwires have shown the great po-
tential of these materials for microminiaturized magnetic
field sensor application. Their main advantages are high sen-
sitive low-hysteresis field dependence. By varying the alloys
composition and applying post fabrication processing, it is
possible to control the sensor’s operating range. Low field
GMI hysteresis has been observed and explained in terms of
helical magnetic anisotropy of microwires.

Acknowledgements This work was supported by EU ERA-NET
programme under project “SoMaMicSens” (MANUNET-2010-Basque-
3), by EU under FP7 “EM-safety” project, by the Spanish Min-
istry of Science and Innovation, MICINN under Project MAT2010-
18914, by the Basque Government under Saiotek 2011 MIMAGURA
project (S-PE11UNO087), Saiotek-2011 MAGNANEL (S-E11UNO085)
and Saiotek-2012 MEMFOMAG (S-PE12UN139), and by federal tar-
get program “Scientific and scientific-pedagogical personnel of inno-
vative Russia,” state contract no. 14.A18.21.0783.

References

1. Phan, M.-H., Peng, H.-X.: Prog. Mater. Sci. 53, 323 (2008)

2. Mohri, K., Humphrey, F.B., Kawashima, K., Kimura, K., Muzu-

tani, M.: IEEE Trans. Magn. 26, 1789 (1990)

Zhukov, A.P.: Mater. Des. 14, 299 (1993)

4. Zhukova, V., Zhukov, A., Kraposhin, V., Prokoshin, A., Gonzalez,
J.: Sens. Actuators A 106, 225 (2003)

5. Ciureanu, P.,, Rudkowska, G., Clime, L., Sklyuyev, A., Yelon, A.:
J. Optoelectron. Adv. Mater. 6, 905 (2004)

6. Zhukova, V., Ipatov, M., Zhukov, A.: Sensors 9, 9216 (2009)

7. Vazquez, M., Chiriac, H., Zhukov, A., Panina, L., Uchiyama, T.:
Phys. Status Solidi A 208, 493 (2011)

8. Honkura, Y.: J. Magn. Magn. Mater. 249, 375 (2002)

9. Panina, L.V., Mohri, K.: Appl. Phys. Lett. 65, 1189 (1994)

10. Beach, R., Berkowitz, A.: Appl. Phys. Lett. 64, 3652 (1994)

11. Konno, Y., Mohri, K.: IEEE Trans. Magn. 25(5), 3623 (1989)

12. Sandacci, S.I., Makhnovskiy, D.P., Panina, L.V., Mohri, K.,
Honkura, Y.: IEEE Trans. Magn. 35, 3505 (2004)

13. Usov, N.A., Antonov, A.S., Lagar’kov, A.N.: J. Magn. Magn.
Mater. 185, 159 (1998)

14. Makhnovskiy, D.P., Panina, L.V., Mapps, D.J.: Phys. Rev. B 63,
1444241 (2001)

15. Zhukov, A., Zhukova, V.: Magnetic properties and applications
of ferromagnetic microwires with amorphous and nanocrystalline
structure. Nova Science Publishers, Inc., Hauppauge (2009). 162
p. ISBN 978-1-60741-770-5

16. Zhukova, V., Usov, N.A., Zhukov, A., Gonzalez, J.: Phys. Rev. B
65, 134407 (2002)

17. Chiriac, H., Ovari, T.A., Pop, Gh.: Phys. Rev. B 42, 10105 (1995)

|95}

@ Springer



1054

J Supercond Nov Magn (2013) 26:1045-1054

18.

19.

20.
21.

22.
23.

Antonov, A.S., Borisov, V.T., Borisov, O.V., Prokoshin, A.F,,
Usov, N.A.: J. Phys. D, Appl. Phys. 33, 1161 (2000)

Chiriac, H., Ovari, T.-A., Zhukov, A.: J. Magn. Magn. Mater. 254—
255, 469 (2003)

Zhukov, A.: Adv. Funct. Mater. 16, 675 (2006)

Ipatov, M., Zhukova, V., Zhukov, A., Gonzalez, J., Zvezdin, A.:
Phys. Rev. B 81, 134421 (2010)

Zhukov, A.: J. Magn. Magn. Mater. 242-245, 216 (2002)
Meénard, D., Britel, M., Ciureanu, P., Yelon, A.: J. Appl. Phys. 84,
2805 (1998)

@ Springer

24.

25.

26.

27.

Ipatov, M., Aranda, G.R., Zhukova, V., Panina, L.V., Gonzilez, J.,
Zhukov, A.: Appl. Phys. A, Mater. Sci. Process. 103, 693 (2011)
Garcia, C., Zhukov, A., Zhukova, V., Ipatov, M., Blanco, J.M.,
Gonzalez, J.: IEEE Trans. Magn. 41, 3688 (2005)

Zhukova, V., Chizhik, A., Zhukov, A., Torcunov, A., Larin, V.,
Gonzalez, J.: IEEE Trans. Magn. 38, 3090 (2002)

Cobefio, A.F., Zhukov, A., Blanco, J.M., Gonzalez, J.: J. Magn.
Magn. Mater. 234, 359 (2001)



	From Manipulation of Giant Magnetoimpedance in Thin Wires to Industrial Applications
	Abstract
	Introduction
	Experimental Details
	Experimental Details and Discussion
	Frequency Dependence of GMI Effect
	Effect of Magnetoelastic Anisotropy and GMI Hysteresis
	Pulsed GMI Effect
	Manipulation of GMI Effect and Magnetic Properties by Heat Treatments

	Conclusions
	Acknowledgements
	References


