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A maximum magnetoimpedance ��66%� was observed at 5.2 MHz in a positive magnetostrictive
glass-coated amorphous Co83.2Mn7.6Si5.8B3.3 microwire. Giant magnetoimpedance in this microwire
was increased to 129% on short-duration heat treatment by passing four current pulses of amplitude
of 100 mA and each of 12 s duration. Magnetoimpedance of the as-quenched and heat treated
microwires was investigated as a function of a dc magnetic field Hdc

I. INTRODUCTION

Giant magnetoimpedance �GMI� observed in some low
magnetostrictive amorphous magnetic materials, particularly
in wire-shaped samples, has been a topic of intensive re-
search for the last few years.1–5 GMI effect varies with the
frequency of the exciting alternating current.3 At low fre-
quencies �approximately kilohertz�, the field dependence of
GMI is due to the inductive term of the impedance, Z=R
+ j�L. At high frequencies �approximately megahertz�, the
effect originates from the dependence of skin depth, � upon
the transverse magnetic permeability, ��, of the samples and
can be written as6

Z = Rdc
ka

2

JO�ka�
J1�ka�

�1�

for ferromagnetic wire-shaped samples of radius a where, k
= �1− i� /� is a function of the effective skin depth, �
=1 /��f���. Here Rdc, �, f , and �� are dc resistance, elec-
trical conductivity of the wire, frequency of the alternating
current, and effective circumferential permeability respec-
tively. J0�ka� and J1�ka� are the first class Bessel functions.
The impedance changes sensitively with the applied dc mag-
netic field Hdc due to the change in �� and hence � with Hdc.

The domain structure of these wire-shaped amorphous
magnetic materials consist of an inner core �IC� and an outer
shell �OS�.4,7 Many experimental and theoretical studies in-
dicate that the OS with transversely oriented magnetization
contributes mainly to GMI.5 Different kinds of heat treat-
ments can play an important role in modifying the domain
structure and hence GMI values.8–14 Heat treatments by
passing a dc current was found to be very effective in en-
hancing the MI as it increases OS volume. But annealing
by sending current for long duration may oxidize the mate-
rials which can be avoided by using short-duration current
pulses. This motivated us to conduct a study of the effect

of heat treatment by short-duration current pulses on the
GMI of positive magnetostrictive glass-coated amorphous
Co83.2Mn7.6Si5.8B3.3 microwire.

II. EXPERIMENT

Glass-coated amorphous microwires with composition
Co83.2Mn7.6Si5.8B3.3, length of �12 cm, and metallic diam-
eter of �12 �m �thickness of the insulating glass coating is
�8 �m� were used for the experiment. The impedance of
the sample was measured by a Precision Impedance Analyzer
�Agilent, 4294A, 40 Hz–110 MHz�. The frequency of the ac
current was varied from 0.1 to 12.85 MHz and its magnitude
was kept fixed at 1 mA. A Helmholtz coil system was used to
apply a dc magnetic field �maximum value of �120 Oe�
along the axis of the sample during impedance measurement.
The axis of the sample as well as that of the Helmholtz coil
was kept perpendicular to the direction of the Earth’s mag-
netic field. To study the effect of heat treatment, current
pulses �square wave� of amplitude of �100 mA and each of
duration of �12 s were sent through the sample. The current
pulses were generated by a 555-timer IC and amplified by
Kepco Bipolar Power Supply. The percentage change in MI
with applied magnetic field is calculated by using the expres-
sion

�Z

Z
�%� = 100 	 �Z�H� − Z�Hmax�

Z�Hmax�
� , �2�

where Hmax=120 Oe. The axial hysteresis loops of the mi-
crowires were measured by a vibrating sample magnetometer
�Lakeshore� up to a maximum field of 6000 Oe.

III. RESULTS AND DISCUSSIONS

The above-mentioned microwires were heat treated by
sending different numbers of current pulses. But due to the
restriction on journal space, only results of as-quenched
sample and the one heat treated with four pulses will be
presented here. Field dependence of MI of the as-quenched
and heat-treated �performed by sending four pulses� micro-a�Electronic mail: kalyan@bose.res.in.

within �120 Oe and frequency
f up to 12.85 MHz. The magnetization measurements of the samples indicated that the increase in
giant magnetoimpedance on short-duration annealing is due to the increase in outer shell volume of
the domain structure.
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wires is shown in Figs. 1 and 2 for an ac current with f
=0.95 and 3.5 MHz, respectively. In Fig. 1 single-peak GMI
characteristics with peak value ��Z /Z�%��peak at Hdc

�0 Oe is observed for both the as-quenched and heat-
treated microwire. ��Z /Z�%��peak increases drastically from
�4% for the as-quenched sample to �47% for the annealed
sample. In Fig. 2, the as-quenched sample shows a single-
peak GMI characteristic with a peak value, ��Z /Z�%��peak

�48% at Hdc�0 Oe. However, the annealed sample shows
a two-peak behavior with ��Z /Z�%��peak�129% and the
peak values of GMI appear at Hdc= �2.12 Oe. The fre-
quency dependence of ��Z /Z�%��peak is shown in Fig. 3 for
the as-quenched and annealed sample. In case of as-
quenched sample, ��Z /Z�%��peak increases gradually with
frequency, shows a maximum of �66% at f =5.2 MHz and
then decreases at higher frequencies. The maximum value of
��Z /Z�%��peak for the annealed microwire is observed at f
=3.5 MHz. Figure 3 clearly shows a drastic increase in GMI
value on heat treatment by sending four current pulses of
amplitude of 100 mA and each of duration of �12 s. The
axial hysteresis loops of the as-quenched and annealed

samples are shown in Fig. 4 �up to a field of �1000 Oe�. The
as-quenched sample shows a sharp change in magnetization
at low field due to the change in magnetization in the IC and
a slow rise at higher field due to the contribution from the
OS. On heat treatment with current pulses, volume of OS
increases at the cost of IC which is reflected in the hysteresis
loop measurements also.

Glass-coated amorphous microwire with composition
Co83.2Mn7.6Si5.8B3.3 is slightly positive magnetostrictive �

�1.0	10−7� in nature. Impedance of the microwire changes
with applied magnetic field due to a change in transverse
permeability �� following Eq. �1�. For two different kinds of
domain structures within the microwire, there exists two per-
meability peaks against magnetic field, one at the switching
field of IC and the other near the anisotropy field of OS. At
low frequencies, the anisotropy field of these soft magnetic
materials is very close to the switching field and therefore
the peaks of MI originating from IC and OS coincide with
each other and a single-peak GMI characteristic �Fig. 1�,
very close to Hdc=0 Oe, is observed. At higher frequencies,
domain wall displacement in OS is more affected by increase
in frequency compared to the moment rotation in IC. As a

FIG. 1. Variation in �Z /Z�%� with Hdc of the as quenched and heat-treated
amorphous Co83.2Mn7.6Si5.8B3.3 microwires at a frequency of 0.95 MHz.

FIG. 2. Variation in �Z /Z�%� with Hdc of the as-quenched and heat-treated
amorphous Co83.2Mn7.6Si5.8B3.3 microwires at a frequency of 3.5 MHz.

FIG. 3. Variation in ��Z /Z�%��peak with frequency of the as quenched and
heat-treated sample.

FIG. 4. Axial hysteresis loops of the as-quenched and heat-treated amor-
phous Co83.2Mn7.6Si5.8B3.3 microwires.



result of it, a two-peak MI behavior is observed as the an-
isotropy field of OS shifts more toward higher field com-
pared to the switching field.

Annealing the microwire by sending current pulses gen-
erates a circular magnetic field, Hc�r�= Ir / �2�R2�, at a dis-
tance r from the axis, where I is the annealing current and R
is the radius of the microwire. This field induces a transverse
anisotropy within the microwire, increases the OS volume
and hence the GMI value of the annealed sample �Figs. 1 and
2�. In Fig. 2, two-peak GMI characteristics are observed for
the annealed sample because on annealing in the presence of
a circular field, the anisotropy field of the OS along the axis
of the sample increases. This anisotropy field shifts the peak
value of circumferential permeability of OS toward higher
magnetic field and as a result, the MI peaks are observed at
higher Hdc. As-quenched sample shows an increase in GMI
value when f �5 MHz �Fig. 3� as the penetration depth re-
duces with f . On the other hand, for higher frequencies
��5 MHz�, GMI value reduces with frequency. For suffi-
ciently high frequency of the exciting alternating current,
damping in domain-wall motion is observed due to mi-
croeddy current, thereby reducing the effective circular per-
meability so that the peak value of GMI decreases with f .
The magnetization measurements �Fig. 4� show that the heat
treatment increases the OS volume. Since the contribution to
MI from IC is much less than that from OS, enhancement of
GMI value by short-duration annealing is due to increase in
OS volume. Therefore short-duration heat treatments by

sending current pulses can be a useful tool to enhance the MI
of wire-shaped amorphous magnetic materials.

The authors would like to thank Alexander von Hum-
boldt Foundation, Germany for funding under its equipment
donation program and Department of Science and Technol-
ogy, Government of India for funding through the project
SR/S2/CMP-025/2006.

1K. Mandal and S. K. Ghatak, Phys. Rev. B 47, 14233 �1993�.
2M. Vázquez, M. Knobel, M. L. Sánchez, R. Valenzuela, and A. P. Zukov,
Sens. Actuators, A 59, 20 �1997�.

3M. Knobel and K. R. Pirota, J. Magn. Magn. Mater. 242–245, 33 �2002�.
4L. V. Panina, K. Mohri, K. Bushida, and M. D. Noda, J. Appl. Phys. 76,
6198 �1994�.

5K. Mandal, S. Sinha, and P. Anil Kumar, J. Appl. Phys. 99, 033901 �2006�.
6L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electrodynamics of
Continuous Media �Butterworth-Hinenann, Washington, DC, 1995�, p.
210.

7S. Sinha, K. Mandal, and B. Das, J. Phys. D: Appl. Phys. 40, 2710 �2007�.
8M. Vázquez, A. P. Zhukov, P. Aragoneses, J. Arcas, J. M. Garcia-
Beneytez, P. Marin, and A. Hernando, IEEE Trans. Magn. 34, 724 �1998�.

9K. Mandal, S. Pan Mandal, M. Vázquez, S. Puerta, and A. Hernando,
Phys. Rev. B 65, 064402 �2002�.

10V. Zhukova, V. S. Larin, and A. Zhukov, J. Appl. Phys. 94, 1115 �2003�.
11X. P. Li, Z. J. Zhao, C. Chua, H. L. Seet, and L. Lu, J. Appl. Phys. 94,

7626 �2003�.
12N. D. Tho, N. Chau, S. C. Yu, H. B. Lee, N. D. The, and L. A. Tuan, J.

Magn. Magn. Mater. 304, e195 �2006�.
13M. Ghanaatshoar, M. M. Tehranchi, S. M. Mohseni, M. Parhizkari, S. E.

Roozmeh, and A. Jazayeri Gharehbagh, J. Magn. Magn. Mater. 304, e706
�2006�.

14D. Muraca, V. Cremaschi, M. Knobel, and H. Sirkin, J. Magn. Magn.
Mater. 320, 2068 �2008�.

http://dx.doi.org/10.1103/PhysRevB.47.14233
http://dx.doi.org/10.1016/S0924-4247(97)80143-4
http://dx.doi.org/10.1063/1.358310
http://dx.doi.org/10.1063/1.2168030
http://dx.doi.org/10.1088/0022-3727/40/9/005
http://dx.doi.org/10.1109/20.668076
http://dx.doi.org/10.1103/PhysRevB.65.064402
http://dx.doi.org/10.1063/1.1585113
http://dx.doi.org/10.1063/1.1628828

