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INTRODUCTION

Giant magnetoimpedance �GMI� effect in some soft
magnetic materials has attracted significant interest because
of its applications in micromagnetic sensors and magnetic
recording heads.1–4 More than a 500% change in magne-
toimpedance �MI� has been observed in many amorphous
magnetic materials with the field sensitivity of more than
100% /Oe �Refs. 1–5� which is much higher than that of
giant magnetoresistance where the field sensitivity is usually
less than 1% /Oe.6 At low frequency �approximately kilo-
hertz�, the origin of GMI is attributed to the change in induc-
tive term L of the total impedance Z=R+ j�L.2 The ac cur-
rent through the sample produces a circular magnetic field
that tends to change the corresponding component of mag-
netization. As a result, a voltage at the end of the sample is
induced. With the application of a dc magnetic field, this
induced voltage and hence the inductance of the sample
change. At high frequency �approximately megahertz�, the
effect originates from the dependence of the skin depth upon
the transverse magnetic permeability, ��, of the materials.7–9

At a particular frequency, the applied dc magnetic field
changes �� and hence the penetration depth � which in turn
changes the magnetoimpedance until the value of � reaches
the radius of the sample.

Due to the absence of crystal structure, magnetoelastic
anisotropy is the main source of anisotropy in amorphous
magnetic materials.10 Therefore the internal stresses devel-
oped during the preparation of the samples or the application
of an external stress affect the magnetic properties of these
materials to a significant extent.11 The study of GMI and
other magnetic properties under the influence of external
stress can help us understand the role of anisotropy and do-
main structure on GMI.5,12 In the present work, the fre-
quency dependence of GMI of Co68.15Fe4.35Si12.5B15 amor-

phous wire has been studied in detail in the presence of
different axial tensile stresses. The effect of stress on positive
magnetostrictive wire has been investigated earlier12 which
shows the opposite behavior compared to that for negative
magnetostrictive sample presented here. Asymmetry
in the GMI peaks has been developed by sending only a dc
through it.

EXPERIMENT

A 12-cm-long amorphous wire with nominal composi-
tion Co68.15Fe4.35Si12.5B15 and a diameter of 125 �m was
used for the experiment. The impedance of the sample was
measured by a spectrum/network analyzer �Hewlett Packard,
3589 A, 10 Hz–150 MHz� which was connected to a com-
puter data acquisition system. The frequency of the ac cur-
rent was varied up to 12 MHz and its magnitude was kept
fixed at 1 mA. A Helmholtz coil system was used to apply a
dc magnetic field �maximum value �140 Oe� along the axis
of the sample during impedance measurement. The axis of
the sample as well as that of the Helmholtz coil were kept
perpendicular to the direction of the earth’s magnetic field.
Axial tensile stresses up to 285 MPa were applied to the wire
for studying the effect of stress on magnetoimpedance. The
percentage change of MI with applied magnetic field is cal-
culated by using the expression

�Z

Z
�%� = 100 � �Z�H� − Z�Hmax�

Z�Hmax�
� ,

where Hmax=140 Oe, the maximum applied magnetic field.
The asymmetry between the two peaks of GMI profile has
been developed by passing a dc Idc=5 mA through the
sample during the GMI measurement. The hysteresis loops
of the sample have been measured under different axial ten-
sile stresses and at different frequencies by induction method
using an integrating flux meter �Walker Scientific-MF3D�.13a�Electronic mail: kalyan@boson.bose.res.in
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The frequency dependence of magnetoimpedance �MI� of amorphous wire Co has
been studied in the presence of various tensile stresses up to 285 MPa to understand the
contributions to giant magnetoimpedance from different domain regions. The external stress affects
MI of these materials to a large extent as magnetocrystalline anisotropy is absent and magnetoelastic
anisotropy is the main source of anisotropy in these materials. At a particular frequency, a
stress-induced anisotropy changes the domain structure, magnetization dynamics, and hence MI.
Single peak MI characteristics obtained at lower frequencies �approximately a few kilohertz� are
changed to a double-peak behavior with the application of a tensile stress or increase in frequency.
Asymmetry between the two peaks has also been developed only by sending a dc of 5 mA.
Hysteresis loop measurement of amorphous wire at various frequencies and tensile stresses helps us
understand the MI results.
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RESULTS AND DISCUSSIONS

Figure 1 shows the field dependence of MI of
Co68.15Fe4.35Si12.5B15 amorphous wire at 0.0325, 0.8725, and
11.0 MHz and in the absence of any external stress. A sharp
rise in GMI is observed for Hdc close to 0 when the fre-
quency is less than 1 MHz. At 0.0325 MHz, the maximum
field sensitivity of GMI, �1/�H���Z /Z�, is 130% /Oe, and at
0.8725 MHz, it is 70% /Oe. For better understanding, the
GMI value at low field has been taken at very small intervals
of Hdc and shown in Fig. 2 for the three above-mentioned
frequencies. At 0.0325 MHz, only one peak is observed at
Hdc�0, whereas at 0.8725 MHz, two peaks are observed at
Hdc= ±0.45 Oe �termed as HP�. At higher frequency
�11 MHz�, in addition to the two broad peaks at HP

�50 Oe, an additional peak is observed at Hdc�0.
The GMI properties change sensitively with stress. Fig-

ures 3 and 4 show, respectively, the high- and low-field GMI
characteristics in the presence of an external stress, �
=285 MPa. In the presence of an external tensile stress, the
peak value of GMI decreases. Even at 0.0325 MHz, two
peak characteristics are observed in contrast to the single-
peak behavior for �=0 �Figs. 1 and 2�. At 0.8725 MHz or
higher frequencies, the value of HP increases due to the ap-
plication of tensile stress. The third peak observed at f
=11 MHz and in the presence of �=285 MPa is much
higher than the corresponding peak for �=0.

The frequency dependence of maximum values of per-
centage change in GMI, ��Z /Z�%��peak, has been plotted in
Fig. 5�a� for two extreme values of stresses �=0 and

285 MPa. The maximum value of ��Z /Z�%��peak is observed
around 1.5 MHz frequency. The difference between the
��Z /Z�%��peak values at �=0 and 285 MPa vanishes above
6 MHz. Figure 5�b� shows the change in HP with frequency
in the absence and in the presence of 285 MPa stress. The

FIG. 1. The variation of percentage change of magnetoimpedance �Z /Z�%�
with dc magnetic field Hdc of Co68.15Fe4.35Si12.5B15 amorphous wire in the
absence of any stress at frequencies �a� 0.0325 MHz �b� 0.8725 MHz, and
�c� 11 MHz.

FIG. 2. The variation of percentage change of magnetoimpedance �Z /Z�%�
with low values of dc magnetic field Hdc of Co68.15Fe4.35Si12.5B15 amorphous
wire in the absence of any stress at frequencies �a� 0.0325 MHz �b�
0.8725 MHz, and �c� 11 MHz.

FIG. 3. The variation of percentage change of magnetoimpedance �Z /Z�%�
with dc magnetic field Hdc of Co68.15Fe4.35Si12.5B15 amorphous wire in the
presence of 285 MPa stress at frequencies �a� 0.0325 MHz �b� 0.8725 MHz,
and �c� 11 MHz.
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effect of stress on HP is insignificant beyond 6 MHz as ob-
served in the case of ��Z /Z�%��peak versus the frequency
curve �Fig. 5�a��. Figure 6 shows the asymmetry developed
by passing a dc Idc=5 mA at the frequencies of 0.8725 and
0.0325 MHz. Asymmetry is more significant at the lower-
frequency curve.

The dc magnetic hysteresis loops with �=0 and
240 MPa have been plotted in Fig. 7. The coercivity of the
sample increases from 12 to 18 mOe due to the rise in stress

of 240 MPa. The external stress also enhances the anisotropy
field in the same fashion though the effect of stress is not
very significant due to the low value of �. The ac hysteresis
loop at 600 Hz is also shown in Fig. 7. Coercivity as well as
the anisotropy field increase with frequency.

The amorphous wire with composition
Co68.15Fe4.35Si12.5B15 is slightly negative magnetostrictive in
nature.5 It consists of a cylindrical axial inner-core �IC� do-
main surrounded by an outer shell �OS� with a circumferen-
tial easy axis.2 The impedance of a magnetic wire can be
written as Z=Rdc�ka /2��J0�ka� /J1�ka�� where k= �1− i� /� is
a function of the effective skin depth �=�c2 /2	����,
where �, c, �, Rdc, a, and �
 are, respectively, the electrical
conductivity, speed of light, frequency of the current, dc re-
sistance, radius of the wire, and transverse permeability.14

J0�ka� and J1�ka� are the first class Bessel functions, respec-
tively. The impedance changes sensitively with magnetic
field when �
 and hence � change significantly with H.
From the relation between � and f �=� /2	� mentioned ear-
lier, it is observed that � becomes comparable to the radius of
the wire when f �0.06 MHz with �
�103 and the wire
started showing the GMI effect around that frequency.

The magnetization processes and anisotropy fields in the
IC domain and OS of the wire are different as the two re-
gions have different domain structures.8 As a result of it, the
field dependence of MI of IC and OS does not follow the
same characteristics. �
 from IC is due to the rotation of
domain magnetization by the circular ac magnetic field gen-
erated by the ac current and reaches its maximum value
when the applied dc magnetic field nearly compensates the
axial magnetic anisotropy in the IC. The peak value of MI

FIG. 4. The variation of percentage change of magnetoimpedance �Z /Z�%�
with low values of dc magnetic field Hdc of Co68.15Fe4.35Si12.5B15 amorphous
wire in the presence of 285 MPa stress at frequencies �a� 0.0325 MHz �b�
0.8725 MHz, and �c� 11 MHz.

FIG. 5. Frequency dependence of �a� maximum values of percentage change
in MI ��Z /Z�%��peak and �b� the position of peaks in MI curves, HP with
stress �=0 and 285 MPa.

FIG. 6. Asymmetric magnetoimpedance of Co68.15Fe4.35Si12.5B15 amorphous
wire with Idc=5 mA at �a� 0.0325 MHz and �b� 0.8725 MHz.
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due to IC is observed at the anisotropy field of IC, which is
very small, a few millioersted. On the other hand, circular
magnetic field changes magnetization in OS by domain-wall
displacement. As the anisotropy field of the outer shell along
the wire axis is larger compared to that of IC, the peak value
of �
 of OS is also developed at higher magnetic field re-
sulting MI peak of OS at higher H.

At comparatively low frequency �Fig. 1�a��, the peaks of
MI originated from IC and OS are very close to Hdc=0 and
therefore a single-peak behavior is observed with a peak
around Hdc�0 as the peaks on both sides of Hdc=0 and
those from IC and OS are hardly distinguishable. Rotational
relaxation is a faster process than the domain-wall relaxation.
As the �
 of IC is originated by rotation of magnetization
only, the GMI contribution from IC is not affected much by
the increase in frequency. On the other hand, MI from OS is
changed drastically due to the increase in frequency. The
peak position of MI of OS shifts towards higher field due to
the increase in anisotropy field with frequency. As the con-
tribution from IC is much less than that due to OS, only the
two-peak GMI pattern dominated by OS is observed. In this
frequency region, the peak value of MI increases with fre-
quency as � reduces with f . At very high frequency of ac
current �beyond 2 MHz for the present sample�, the domain-
wall motion in OS is strongly damped owing to eddy cur-
rents causing reduction in MI contribution from OS as ob-
served above 2 MHz in Fig. 5�a�.2 The peak positions of MI
from OS are also shifted further towards the higher values of
Hdc reducing its contributions at low field. As a result, the
third peak at Hdc=0 from IC is observed �Fig. 1�c��.

The application of an external tensile stress induces a
transverse anisotropy in the negative magnetostrictive
sample. Though this induced anisotropy enlarges the frac-
tional volumes of domains with circular magnetization, the
values of transverse permeability will reduce.4 As a result of
it, the MI value decreases with the increase in stress at a
particular frequency �Fig. 5�a��. Due to the stress-induced
transverse anisotropy, the longitudinal anisotropy field of OS
is shifted towards the higher values giving rise to a double-

peak structure in the presence of a stress instead of a single-
peak behavior as observed in the absence of any stress at the
same frequency �Figs. 1�b� and 2�b��. At 11 MHz, the mag-
nitude of central peak with �=285 MPa is much larger com-
pared to that in the absence of any stress as the contribution
to MI from OS around Hdc�0 is much reduced by the ap-
plication of stress. It is clear from Figs. 1�c� and 3�c� that the
contributions to MI from IC is much less than that from the
OS. The linear magnetostriction coefficient, �S, can be esti-
mated from the change in anisotropy field �HP due to the
change in stress, ��=285 MPa, using the expression �S

= ��0MS�HP /3��� and the estimated value is �−2.36
�10−8 at 0.0325 MHz with �0MS�0.75 T. The resultant of
circular magnetic field due to the ac current and the applied
dc magnetic field generates a helical-induced anisotropy giv-
ing rise to the asymmetry in the two GMI peaks �Fig. 6�.

The longitudinal coercivity of the sample, HC, increases
�Fig. 7� with the increase in longitudinal tensile stress indi-
cating a transverse-induced anisotropy in the presence of the
stress. This induced anisotropy hinders the domain-wall mo-
tion of OS due to the longitudinal magnetic field resulting
the decrease in transverse permeability �
 and hence the MI
and supports our earlier discussion. The coercivity and an-
isotropy field of the sample also increase with frequency, f ,
as observed in Fig. 7. Coercivity of Co68.15Fe4.35Si12.5B15

amorphous wire was found to increase with f1/2 due to the
development of microeddy current15 and is in agreement
with the increase in HP with frequency as explained earlier.

CONCLUSIONS

Stress-induced anisotropy in amorphous wires changes
the domain structure and hence the GMI effect to a large
extent as the magnetoelastic anisotropy is the main source of
anisotropy in these materials. The MI contributions from IC
and OS are different. The MI study at high frequency and
stress confirms much higher contribution of MI from OS
than IC.

FIG. 7. The dc hysteresis loops of Co68.15Fe4.35Si12.5B15

amorphous wire in the absence and in the presence of
240 MPa stress and ac loop at the frequency of 600 Hz.
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