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Giant magnetoimpedance effect in a positive magnetostrictive glass-coated amorphous microwir
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The giant magnetoimpedance~GMI! effect in positive magnetostrictive glass-coated amorphous
Co83.2Mn7.6Si5.8B3.3 microwire has been studied as a function of a dc magnetic field2140,Hdc,140 Oe and
frequency 0.1, f ,12.85 MHz. A maximum change of 43% in the MI of the as-quenched sample has been
observed around 5 MHz frequency. Heat treatment of the sample by passing a dc current of 50 mA through it
enhances the MI value to a large extent~maximum change;94%! by increasing the outer domain volume and
inducing a transverse anisotropy. On the other hand, application of an external tensile stress reduces the GMI
value by increasing the inner core domain and developing an axial anisotropy. In an as-quenched sample, the
maximum value of MI is observed atHdc;0 when measured at frequencyf ,8 MHz beyond which a two peak
MI profile is seen. The heat-treated sample shows this two peak behavior from a much lower frequency~below
1 MHz! and additional peaks atHdc;0 for f .10 MHz. Asymmetry in the MI peaks of a microwire has been
produced by passing a dc current through the sample during impedance measurement. The magnetization of the
as-quenched and heat-treated samples has also been studied to understand the domain structure and magne-
toimpedance results.
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INTRODUCTION

The large change in magnetoimpedance~MI !, called the
giant magnetoimpedance~GMI!, in low magnetostrictive
amorphous magnetic materials has recently been stu
extensively.1–5 When an ac current,I ac is applied to such
materials, their impedance changes sensitively with
change in biasing dc magnetic field. This property can
exploited for various applications such as in recording hea
micromagnetic sensors and so on.6,7 The field sensitivity of
GMI can be as high as 100%/Oe which is much higher th
that observed in giant magnetoresistance~usually less than
1%/Oe!. The response of GMI to other parameters such
frequency, stress, heat treatment on the samples is
greater than that of magnetization of the sample.

The origin of GMI is different in various frequency re
gions of the exciting ac current.8 At low frequencies~;kHz!,
the field dependence of GMI is attributed to the induct
term of impedanceZ5R1 j vL. The time varying ac curren
produces a circular magnetic field that tends to change
corresponding component of magnetization. As a resul
voltage at the end of the sample is induced. With the ap
cation of a dc magnetic field, this induced voltage and he
the inductance of the sample changes. If the frequency o
ac current is increased to MHz region, eddy current is de
oped and the ac current flows through a thin sheath nea
surface of the sample due to skin effect.9 The skin effect
penetration depthd is given by
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wheref, mw , andsc are, respectively, the frequency, circum
ferential permeability, and conductivity of the sample. At
particular frequency, the application of a dc magnetic fie
changes the circumferential permeabilitymw and hence the
penetration depthd which in turn changes the magne
toimpedance until the value ofd reaches the radius of th
sample. In this frequency region where the radius of
sample is much larger than the skin depthd, both resistance
and inductive component of total impedanceZ depend on the
permeability and contribute to the change inZ with magnetic
field.

The Co or Co-Fe based wire shaped samples with
magnetostriction coefficient are the prime candidate for g
erating GMI. These wire shaped samples consist of a sin
domain core having magnetization direction closely para
to the wire axis and a multidomain external shell with tran
versely oriented magnetization~radial and circular for posi-
tive and negative magnetostrictive samples, respectively!.10

Recently, interest has increased in glass-coated amorp
microwires with 10–25mm diameter because of their man
useful magnetic properties such as their bistable hyster
loop and large magnetoimpedance.8,11 These microwires are
found to be more promising for several applications co
pared to wires and ribbons because of their tiny dimensio
superior magnetic properties and protective glass coating
this time there are few reports on the GMI of negative
zero magnetostrictive microwires.12,13Very recently, GMI ef-
fect has been reported in a low positive magnetostrict
Co83.2Mn7.6Si5.8B3.3 microwire.8

Though the change in magnetization and transverse
meability in the outer domains of the samples due to
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application of a dc magnetic field is considered to be
main reason for GMI,14 no clear experimental evidence h
been reported yet. To verify it, Co83.2Mn7.6Si5.8B3.3 micro-
wire has been heat treated by passing a dc current of 50
through it. This heat treatment increases the outer dom
volume and hence the GMI value by inducing a transve
anisotropy. On the other hand, application of an external
sile stress reduces the GMI value by developing an a
anisotropy and increasing the inner core domain at the
of outer domains. The GMI is found to be frequency dep
dent with local maxima. Single peak MI behavior is o
served at lower frequencies, whereas, at higher frequen
two peaks are seen. Additional peaks are observed in the
of heat-treated samples atHdc;0 indicating a small contri-
bution to MI from the inner core domain. Development
asymmetry in MI peaks of a glass-coated microwire is
ported here. The magnetization of the as-quenched and h
treated sample has been measured for better understand
GMI results.

EXPERIMENTAL

Glass-coated amorphous microwires of nominal comp
tions Co83.2Mn7.6Si5.8B3.3 were prepared by Taylor-Ulitovsky
method.8 An x-ray diffractometer~Siemens, Diffractometer
D5000! was used to check the amorphocity of the samp
The diameter of the metallic part of the sample, measured
an optical microscope, is about 18mm and the thickness o
the insulating glass coating is approximately 6mm. A 12 cm
long sample was used for the experiment. The impedanc
the sample was measured by a spectrum/network ana
~Hewlett Packard, 3589 A, 10 Hz–150 MHz! which was con-
nected to a computer data acquisition system. The freque
of the ac current was varied from 0.1 to 12.85 MHz. A Helm
holtz coil system was used to apply a dc magnetic field al
the axis of the sample during impedance measurement.
axis of the sample as well as that of the Helmholtz coil w
kept perpendicular to the direction of the Earth’s magne
field. Axial tensile stresses up to 616 MPa was applied to
microwire for studying the effect of stress on MI. The samp
was heat-treated~hence forth termed annealed! by passing a
50 mA dc current for different time durationstan55, 10, 15,
and 25 min. The percentage change of MI with applied m
netic field is

DZ

Z
~%!51003FZ~H !2Z~Hmax!

Z~Hmax!
G , ~2!

whereHmax5140 Oe, the maximum applied magnetic fie
The asymmetry between the two peaks of GMI profile h
been developed by passing a dc current through the sam
The hysteresis loops of as-quenched and annealed m
wires were measured by induction method using a flux m
~Walker Scientific, MF3A!.

RESULTS AND DISCUSSIONS

The field dependence of MI is shown in Figs. 1 and 2
3.5 and 12.85 MHz frequency, respectively, with 1 mA
current. At frequencyf 53.5 MHz ~Fig. 1!, the as-quenched
e
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sample shows single peak MI profile with the peak va
@DZ/Z(%)#max at Hdc;0. The value of@DZ/Z(%)#max de-
creases from 29% in the absence of any stress to 15% w
a tensile stresssapp5616 MPa is applied. The MI value in
creases drastically on annealing the sample by passing
current I an550 mA. Maximum increase in MI value is ob
served when it is annealed fortan515 min and the corre-
sponding two peak MI profile at f 53.5 MHz with
@DZ/Z(%)#max;94% is also shown in Fig. 1. If an axia
tensile stress is applied to this annealed sample, the valu
MI decreases to a large extent„@DZ/Z(%)#max;25% for
sapp5616 MPa… and the two peak behavior is reduced to o
peak behavior.

At 12.85 MHz frequency~Fig. 2!, the as-quenched samp
shows two peak behavior with much reduced MI val
(@DZ/Z(%)#max;8%). When an axial tensile stress,sapp
5616 MPa is applied to the as-quenched sample, its p
value does not change much but the dip observed atHdc
50 decreases substantially. On annealing the sample
I an550 mA for different time durations, the peak value r
mains almost the same beyond 8 MHz. At 12.85 MHz~Fig.
2! MI results for tan515 min shows a large dip at low field
with additional small peaks atHdc;0. When a stress,sapp
5616 MPa is applied to the annealed sample, its dip
creases as observed in case of the as-quenched sample

FIG. 1. The variation of percentage change of magnetoimp
anceDZ/Z(%) with dc magnetic fieldHdc of the as-quenched an
annealed (tan515 min) sample in the absence and in the presenc
616 MPa axial tensile stress and for 1 mA ac current with 3.5 M
frequency.
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GIANT MAGNETOIMPEDANCE EFFECT IN A POSITIVE . . .
stress and the small peaks observed atHdc;0 disappears.
Figure 3 shows the low field MI profile of the samp

annealed withI an550 mA for tan515 min. At 0.95 MHz, the
peak values of MI appears at a magnetic fieldDHp5
60.8 Oe with almost no hysteresis loss. On increasing
frequency, the position of the peak shifts towards the hig
value of the dc magnetic field and at 3.5 MHz,DHp
54.6 Oe with some hysteresis loss. At 12.85 MHz, ad
tional small peaks appear close toHdc50 with two major
peaks at 16.1 Oe~not in this figure!. When a stresssapp
5616 MPa is applied to this annealed sample at 12.85 M
frequency, the small peaks disappear along with the red
tion in the dip atHdc50.

Figure 4 shows the frequency dependence of the MI p
value @DZ/Z(%)#max of the as-quenched as well as the a
nealed sample in the absence and in the presence of 616
stress applied during measurement. At frequencies belo
MHz, the MI value of the as-quenched sample is small. Fr
the value of average transverse permeability;103, the skin
depth estimated from Eq.~1! is comparable with the radiu
of the microwire when the frequency of the current is
MHz. This qualitatively explains the observed GMI due
skin depth above 1 MHz as shown in Fig. 4 for the a
quenched sample. The field response of GMI of the
quenched sample is maximum~;43%! around 5 MHz. The
frequency dependence of@DZ/Z(%)#max decreases with the

FIG. 2. The variation of percentage change of magnetoimp
anceDZ/Z(%) with dc magnetic fieldHdc of the as-quenched an
annealed (tan515 min) sample in the absence and in the presenc
616 MPa axial tensile stress and for 1 mA ac current with 12
MHz frequency.
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increase in stress and reduces to 26% in the presence o
MPa stress around 5 MHz. The field response of GMI
improved when the sample is annealed with a dc curr
I an550 mA. The experimental results are shown in Fig. 4
annealing timetan55, 15, 25 min. On annealing, MI valu
changes to a large extent even below 1 MHz and the exp
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FIG. 3. The variation of percentage change of magnetoimp
anceDZ/Z(%) with dc magnetic fieldHdc of the annealed sample
(tan515 min) in the absence and in the presence of 616 MPa a
tensile stress and for 1 mA ac current with 0.95, 3.5, and 12
MHz frequency.

FIG. 4. The variation of maximum percentage change in m
netoimpedance~i.e., the peak value of GMI!, @DZ/Z(%)#max with
frequency of the as-quenched and annealed samples in the ab
and in the presence of 616 MPa axial tensile stress and with 1
ac current.
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MANDAL, MANDAL, VA´ ZQUEZ, PUERTA, AND HERNANDO
mental results corresponds totan515 min show the best re
sponse with@DZ/Z(%)#max;94% at 3.5 MHz. The maxi-
mum field sensitivity of GMI, 1/DH(DZ/Z), of the as-
quenched sample is;7%/Oe at 5.0 MHz where (2DH) is
the full width of the magnetic field at half maximum o
DZ/Z(%). The maximum field sensitivity is increased t
;14.5%/Oe at 3.5 MHz when the sample is annealed for
min. The MI value decreases when a tensile stress is app
to the annealed sample and the results are also shown in
4 for sapp5616 MPa on the sample annealed for 15 min.

The frequency dependence of the peak positionDHp of
the as-quenched and annealed sample is shown in Fig. 5
the as-quenched sample, the double peak behavior app
after 8 MHz while on annealing the sample, this two pe
profile begins at a much lower frequency. In all cases,
position of peak,DHp shifts toward higher values of mag
netic field with the increasing frequency. Application of a
external stress reduces theDHp value, even two peak struc
ture is reduced to one peak structure at low frequencies.
example, when the sample is annealed for 15 min, dou
peaks appear from the lowest frequency~0.14 MHz! used for
the experiment while in the presence of 616 MPa stress,
annealed sample shows single peak behavior up to 8 M
frequency.

Asymmetry between the two peaks of the stress anne
sample (tan525 min) has been developed by passing a
current through the sample during MI measurement al
with the ac currentI ac. Figure 6 shows the asymmetry M
~AMI ! for I ac51 mA and I dc561 mA at frequency f
50.8 MHz. On changing the direction ofI dc, asymmetrical
behavior is also reversed. Figure 7 shows the frequency
pendence of the difference between the two peak hei
DZpp(%). The difference between the two peak heights
maximum around 1 MHz frequency.

The dc axial hysteresis loops of the as-quenched sam
in the absence of any stress and in the presence of s
sapp5452 MPa are shown in Fig. 8. A sudden large chan
in magnetization at very low field and a slow increase
magnetization at higher field is observed. The application
an external stress increases the initial low field jump and

FIG. 5. The frequency dependence of the peak positions
GMI, DHp , of the as-quenched and annealed samples in the
sence and in the presence of 616 MPa axial tensile stress with 1
ac curent.
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magnetic softness of the sample. The coercivityHc of the
as-quenched sample changes from;70 mOe ats50 to ;50
mOe at s5452 MPa. The hysteresis loop of the sam
sample annealed for 25 min withI an550 mA has also been
plotted in the same figure. On annealing the sample, the
tial jump in magnetization is reduced.

As mentioned before, the large change in MI in very lo
magnetostrictive amorphous magnetic materials is beca
of the change in penetration depth,d due to the change in

of
b-
A

FIG. 6. Asymmetric magnetoimpedance shown by the sam
annealed fortan525 min. The measurement was performed w
I ac51 mA at 0.8 MHz andI dc561 mA.

FIG. 7. The frequency dependence of the difference between
two peak height in case of asymmetric MI,DZpp(%). AMI was
obtained withI ac51 mA at 0.8 MHz andI dc51 mA.
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GIANT MAGNETOIMPEDANCE EFFECT IN A POSITIVE . . .
transverse permeabilitymw according to Eq.~1! by an exter-
nal dc magnetic fieldHdc. The hysteresis loop and doma
structure of the microwire suggests two permeability pe
against magnetic field, one at the switching field of the in
core domain and the other near the anisotropy field of
outer shell. These two maxima in transverse permeab
should give rise to two MI peaks on both sides ofHdc50. At
lower frequencies, the anisotropy field is close to the swit
ing field and the two peaks from the two domain regio
cannot be distinguished. As a result of it, single peak
behavior is observed~Fig. 1! with the peak value atHdc;0
as the switching field of the microwire is very small~;70
mOe!. With the increase in frequency of the ac current,
anisotropy field of the outer shell shifts more towards
higher field compared to the switching field as the dom
wall displacement in outer shell is more affected by incre
in frequency than the moment rotation in the inner doma
This explains the higher values ofDHp at higher frequencies
~Fig. 2!. At 12.85 MHz ~Fig. 2!, the GMI peaks nearHdc
50 due to inner core domains are not visible in case
as-quenched sample as the domains in the outer shell
tributes to GMI more than the inner domains whereas
same peaks are observed for annealed sample as the c
bution from the outer domains is much less aroundHdc50 in
the annealed sample.

As the annealing current generates a circular magn
field during heating, a transverse anisotropy is develo
within the sample resulting an increase in outer domain v

FIG. 8. The hysteresis loops of the as-quenched sample in
absence and in the presence of 452 MPa axial tensile stress a
the sample annealed withI an550 mA andtan525 min.
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ume with magnetization direction perpendicular to the w
axis. As a result of it, the GMI value increases~Fig. 1!. The
two peak GMI profile is observed at much lower frequen
in the annealed sample~Fig. 2! compared to the as-quenche
one~Fig. 1! due to the increase in anisotropy field on anne
ing when measured along the axis of the wire. The appli
tion of an axial tensile stress has an effect opposite to tha
current annealing. The stress generates a uniaxial anisot
along the axis of the wire~as the axial magnetic field! in-
creasing the inner domain volume at the cost of outer
mains. This results in the decrease in GMI on applying t
sile stress as found in Fig. 1. The magnetoelastic anisotr
developed by the axial tensile stress enhances the mag
softness along the wire axis and reduces the switching
anisotropy field~Fig. 8!. As a result of it,DHp , the position
at which the GMI peaks appear, shifts towards the low
value of magnetic field with the increase of stre
~Fig. 5! and even the single peak behavior is rep
duced at sufficiently high stress. The magnetostriction
efficient ls can be estimated15 using the expression
ls5(m0Ms/3)(dHk /ds) and considering that the GMI peak
appear at the anisotropy fieldHk . Takingm0Ms50.7 T, the
value of ls for the sample annealed for 15 min
;431027.

At frequencies below 1 MHz (r ,d), the peak value of
GMI is not very large as the contribution to GMI arises fro
the induced magnetoinductive voltage. When the freque
is higher than 1 MHz andr @d, higher values of MI are
obtained as a consequence of skin effect. Beyond 8 M
domain-wall motion is strongly damped owing to eddy cu
rents resulting in a small MI effect. Asymmetry in MI i
developed as a result of the helical anisotropy genera
within the sample due to the combined effect of circular
magnetic field produced by the dc current and the app
axial dc magnetic field.7,16

CONCLUSIONS

Glass-coated amorphous microwire with nominal comp
sition Co83.2Mn7.6Si5.8B3.3 and low positive magnetostriction
coefficient are found to show giant magnetoimpedance ef
in the range 1–8 MHz frequency. A maximum change
43% in MI of the as-quenched sample has been observed
MHz frequency. Heat treatment of the sample by passin
dc current of 50 mA through it enhances the MI value~maxi-
mum change;94%! by increasing the outer domain volum
and inducing a transverse anisotropy. On the other hand,
plication of an external tensile stress reduces the GMI va
by increasing the inner core domain and developing an a
anisotropy. In case of as-quenched sample, the maxim
value of MI is observed atHdc;0 when measured at fre
quency f ,8 MHz beyond which two peak MI profile is
seen. The heat-treated sample shows this two peak beh
from a much lower frequency~below 1 MHz! and additional
peaks atHdc;0 for f .10 MHz. Asymmetry in the MI peaks
of a microwire has been developed by passing a dc cur
through the sample during impedance measurement.
magnetization measurement indicates two kinds of dom

he
of



d
h

re
ss
th
r

th

M.
to
or
p-

l-
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structure within the sample, a single domain axial core an
multidomain outer shell with transverse magnetization. T
outer shell increases on heat treatment with a dc cur
whereas the inner domain increases when an axial stre
applied. The GMI results can be explained considering
skin effect at high frequency and the change in transve
permeability and hence the penetration depth with
change in the applied dc magnetic field.
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