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Giant magnetoimpedance effect in a positive magnetostrictive glass-coated amorphous microwire
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The giant magnetoimpedancéGMI) effect in positive magnetostrictive glass-coated amorphous
Cogz Mn; ¢Sis B3 3 microwire has been studied as a function of a dc magnetic fieldO<H 4.<140 Oe and
frequency 0.Xxf<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 Ml value to a large extemaximum 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 Ml is observed &ty .~0 when measured at frequentyz 8 MHz beyond which a two peak
MI profile is seen. The heat-treated sample shows this two peak behavior from a much lower fregpatney
1 MHz) and additional peaks &ty.~0 for f>10 MHz. Asymmetry in the Ml 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 wheref, u,, ando are, respectively, the frequency, circum-
ferential permeability, and conductivity of the sample. At a
The large change in magnetoimpedartbtt), called the particular frequency, the application of a dc magnetic field
giant magnetoimpedancéGMI), in low magnetostrictive changes the circumferential permeability, and hence the
amorphous magnetic materials has recently been studigsknetration depthd which in turn changes the magne-
extensively:”> When an ac current,,. is applied to such toimpedance until the value of reaches the radius of the
materials, their impedance changes sensitively with th@ample. In this frequency region where the radius of the
change in biasing dc magnetic field. This property can b&ample is much larger than the skin depttboth resistance
exploited for various applications such as in recording headsynd inductive component of total impedardepend on the
micromagnetic sensors and so ©hThe field sensitivity of permeability and contribute to the changeZimith magnetic
GMI can be as high as 100%/Oe which is much higher thagjg|q.
that observed in giant magnetoresistaifgsually less than The Co or Co-Fe based wire shaped samples with low
19%/08. The response of GMI to other parameters such agnagnetostriction coefficient are the prime candidate for gen-
frequency, stress, heat treatment on the samples is algQating GMI. These wire shaped samples consist of a single-
greater than that of magnetization of the sample. domain core having magnetization direction closely parallel
~ The origin of GMI is different in various frequency re- tg the wire axis and a multidomain external shell with trans-
gions of the exciting ac currefit low frequencies~kHz),  versely oriented magnetizatidradial and circular for posi-
the field dependence of GMI is attributed to the inductivetjye and negative magnetostrictive samples, respeciively
term of impedanc&=R+jwL. The time varying ac current Recently, interest has increased in glass-coated amorphous
produces a circular magnetic field that tends to change thgicrowires with 10—25um diameter because of their many
corresponding component of magnetization. As a result, seful magnetic properties such as their bistable hysteresis
voltage at the end of the sample is induced. With the applitoop and large magnetoimpedarfc@. These microwires are
cation of a dc magnetic f|e|d, this induced V0|tage and henC%und to be more promising for Severa' app"cations com-
the inductance of the sample changes. If the frequency of thgared to wires and ribbons because of their tiny dimensions,
ac current is increased to MHz region, eddy current is develsyperior magnetic properties and protective glass coating. At
oped and the ac current flows through a thin sheath near thflis time there are few reports on the GMI of negative or
surface of the sample due to skin effécthe skin effect zero magnetostrictive microwirdd13Very recently, GMI ef-

penetration deptld is given by fect has been reported in a low positive magnetostrictive
L C0gz Mn; ¢Sis B3 3 micro_wire.8 o

_ 1) Though the change in magnetization and transverse per-

mouf| meability in the outer domains of the samples due to the
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application of a dc magnetic field is considered to be the
main reason for GM}? no clear experimental evidence has 804 =3.5 MHz As-quenched
been reported yet. To verify it, G§Mn; ¢Sis §B3 3 micro-
wire has been heat treated by passing a dc current of 50 mA
through it. This heat treatment increases the outer domain
volume and hence the GMI value by inducing a transverse
anisotropy. On the other hand, application of an external ten- 0 omcag
sile stress reduces the GMI value by developing an axial 80 - As-quenched and 6, =616 MPa
anisotropy and increasing the inner core domain at the cost
of outer domains. The GMI is found to be frequency depen-
dent with local maxima. Single peak MI behavior is ob-
served at lower frequencies, whereas, at higher frequencies, ] A\
two peaks are seen. Additional peaks are observed in the case 0 gooooes pocoeel” - Jeo00cposeospescosgooeol
of heat-treated samples Hiy.~ 0 indicating a small contri- 80 Ann with I_=50 mA,
bution to MI from the inner core domain. Development of t,=15 min
asymmetry in M| peaks of a glass-coated microwire is re-
ported here. The magnetization of the as-quenched and heat-
treated sample has been measured for better understanding of
GMI results. 0 e
80 Ann with [_=50mA, t_=15min
and 5, =616 MPa
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Glass-coated amorphous microwires of nominal composi-
tions Cggs M5 ¢Sis ¢B3 3 were prepared by Taylor-Ulitovsky

method® An x-ray diffractometer(Siemens, Diffractometer- 0 iaainaicanaiia MM L Pibiioci saiaiisia f

D5000 was used to check the amorphocity of the samples. -100 =50 0 50 100

The diameter of the metallic part of the sample, measured by Magnetic field (Oe)

an optical microscope, is about 18n and the thickness of

the insulating glass coating is approximately®. A 12 cm FIG. 1. The variation of percentage change of magnetoimped-

long sample was used for the experiment. The impedance @ihceAz/Z(%) with dc magnetic fieldH . of the as-quenched and
the sample was measured by a spectrum/network analyzannealedf,=15 min) sample in the absence and in the presence of
(Hewlett Packard, 3589 A, 10 Hz—150 MHwhich was con- 616 MPa axial tensile stress and for 1 mA ac current with 3.5 MHz
nected to a computer data acquisition system. The frequendyequency.

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 alongample shows single peak MI profile with the peak value
the_ axis of the sample during impedance measurement. T Z/Z(%)]max at Hge~0. The value off AZ/Z(%)] e de-

axis of the sample as well as that of the Helmholtz coil was;reases from 29% in the absence of any stress to 15% when
k_ept perpend|c_ular to the direction of the Earth’s magneticy tensile stress o= 616 MPa is applied. The M value in-
flgld. A>§|al tensile s'tresses up to 616 MPa was applied to the aases drastically on annealing the sample by passing a dc
microwire for studying the effect of stress on MI. The Samplecurrentlan: 50 mA. Maximum increase in Ml value is ob-
was heat-treatethence forth termed annealelly passing @  geryed when it is annealed for,=15min and the corre-

50 mA dc current for different time durationg,=5, 10, 15, sponding two peak MI profile atf=3.5MHz with

and 25 min. The percentage change of Ml with applied mag[AZ/Z(%)]maX~94% is also shown in Fig. 1. If an axial

netic field is tensile stress is applied to this annealed sample, the value of
Z(H) = Z(H ) Ml decreases to a large extefftAZ/Z(%)]max—25% for

—m} 2 T app= 616 MP3 and the two peak behavior is reduced to one

Z(Hmax peak behavior.

whereH ,,,=140 Oe, the maximum applied magnetic field. At 12.85 MHz frequencyFig. 2), the as-quenched sample

The asymmetry between the two peaks of GMI profile hasshows two peak behavior with much reduced MI value

been developed by passing a dc current through the sampld.AZ/Z(%)]ma~8%). When an axial tensile stressqpp

The hysteresis loops of as-quenched and annealed micrg=616 MPa is applied to the as-quenched sample, its peak

wires were measured by induction method using a flux meteyalue does not change much but the dip observedi@t
(Walker Scientific, MF3A. =0 decreases substantially. On annealing the sample with

| ;=50 mA for different time durations, the peak value re-
mains almost the same beyond 8 MHz. At 12.85 MIARD.
2) Ml results fort,,= 15 min shows a large dip at low field

The field dependence of Ml is shown in Figs. 1 and 2 atwith additional small peaks atl4c~0. When a stressy,,,
3.5 and 12.85 MHz frequency, respectively, with 1 mA ac=616 MPa is applied to the annealed sample, its dip de-
current. At frequencyf = 3.5 MHz (Fig. 1), the as-quenched creases as observed in case of the as-quenched sample under

AZ
7(%) = lOOX[

RESULTS AND DISCUSSIONS
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FIG. 2. The variation of percentage change of magnetoimped- |G, 3. The variation of percentage change of magnetoimped-
anceAZ/Z(%) with dc magnetic field . of the as-quenched and  ancenz/Z(%) with dc magnetic fieldH 4 of the annealed sample
annealedt,= 15 min) sample in the absence and in the presence oft_ — 15 min) in the absence and in the presence of 616 MPa axial
616 MPa axial tensile stress and for 1 mA ac current with 12.85gnsile stress and for 1 mA ac current with 0.95, 3.5, and 12.85
MHz frequency. MHz frequency.

stress and the small peaks observetigt~0 disappears.  increase in stress and reduces to 26% in the presence of 616
Figure 3 shows the low field MI profile of the sample MPa stress around 5 MHz. The field response of GMI is
annealed with ,;=50 mA for t,,= 15 min. At 0.95 MHz, the  improved when the sample is annealed with a dc current
peak values of Ml appears at a magnetic fisdtH,= |, =50mA. The experimental results are shown in Fig. 4 for
=0.8 Oe with almost no hysteresis loss. On increasing thennealing timet,,=5, 15, 25 min. On annealing, Ml value
frequency, the position of the peak shifts towards the higheghanges to a large extent even below 1 MHz and the experi-
value of the dc magnetic field and at 3.5 MHAH,
=4.6 Oe with some hysteresis loss. At 12.85 MHz, addi-

tional small peaks appear close ltty,=0 with two major | e :g:ﬁu‘fnﬁ*{cﬁm .
peaks at 16.1 Ognot in this figure. When a stressr,,, X,’//// ":‘%:\X A Ann with 1, SomA{Smin
=616 MPa is applied to this annealed sample at 12.85 MHz 75 5 “u, A
frequency, the small peaks disappear along with the reduc- ] /’A/ 5( T A wih LoSOmA 1, 25min
tion in the dip atH 4=0. € ol ¢/ B -

Figure 4 shows the frequency dependence of the MI peaky / ’,ef>__9\\§\\
value[AZ/Z(%)]max Of the as-quenched as well as the an- 1 g£f - SN
nealed sample in the absence and in the presence of 616 MP 25 ;Z ///,%’E,,E.f-nna\%\\\
stress applied during measurement. At frequencies below 1 b /E,zr’ A N
MHz, the Ml value of the as-quenched sample is small. From | ﬁ‘ﬂ"{/g/
the value of average transverse permeability0®, the skin 1 ! s L - L
depth estimated from Edl) is comparable with the radius 0 ! s 12

Frequency (MHz)

of the microwire when the frequency of the current is 1
MHz. This qualitatively explains the observed GMI due to  FiG. 4. The variation of maximum percentage change in mag-
skin depth above 1 MHz as shown in Fig. 4 for the as-netoimpedancéi.e., the peak value of GMI[AZ/Z(%)]max With
quenched sample. The field response of GMI of the asfrequency of the as-quenched and annealed samples in the absence
quenched sample is maximuf43%) around 5 MHz. The and in the presence of 616 MPa axial tensile stress and with 1 mA
frequency dependence pAZ/Z(%)].x decreases with the ac current.
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FIG. 5. The frequency dependence of the peak positions of

GMI, AH,,, of the as-quenched and annealed samples in the ab-

sence and in the presence of 616 MPa axial tensile stress with 1 mA
ac curent.

301

AZJZ(%)

mental results corresponds tg,=15 min show the best re-
sponse With[AZ/Z(%)]max~94% at 3.5 MHz. The maxi-
mum field sensitivity of GMI, 1AH(AZ/Z), of the as-
guenched sample is7%/Oe at 5.0 MHz where (8H) is

the full width of the magnetic field at half maximum of 0
AZIZ(%). The maximum field sensitivity is increased to

~14.5%/Oe at 3.5 MHz when the sample is annealed for 15
min. The MI value decreases when a tensile stress is applied

to the annealed sample and the results are also shown in Fig. . )
FIG. 6. Asymmetric magnetoimpedance shown by the sample

for app 616 MPa on the sample annealed for 15 min. annealed fort,,=25 min. The measurement was performed with
1 an .
The frequency dependence of the peak positidth, of =1 at 0.8 MHz and g— + 1 mA,

the as-quenched and annealed sample is shown in Fig. 5. FGf

the as-quenched sample, the double peak behavior appears ) )
after 8 MHz while on annealing the sample, this two peakMagnetic softness of the sample. The coercivity of the

profile begins at a much lower frequency. In all cases, thés-quenched sample changes freffl0 mOe air=0 to ~50
position of peak AH, shifts toward higher values of mag- MO€ ato=452MPa. The hysteresis loop of the same
netic field with the increasing frequency. Application of an Sample annealed for 25 min with,=50 mA has also been
external stress reduces thé, value, even two peak struc- Plotted in the same figure. On annealing the sample, the ini-
ture is reduced to one peak structure at low frequencies. Fdfal jump in magnetization is reduced.

example, when the sample is annealed for 15 min, double As mentioned before, the large change in Ml in very low
peaks appear from the lowest frequerﬁﬁ}ﬂ_4 MHa used for magnetOStl’ICtIV'e amorphqus magnetIC materials is be(:.:ause
the experiment while in the presence of 616 MPa stress, thigf the change in penetration depth due to the change in
annealed sample shows single peak behavior up to 8 MHz
frequency.

Asymmetry between the two peaks of the stress annealec  2°7
sample {,,=25min) has been developed by passing a dc N
current through the sample during Ml measurement along ] i
with the ac current ... Figure 6 shows the asymmetry Ml ;
(AMI) for l,=1mA and l4=*=1mA at frequencyf
=0.8 MHz. On changing the direction of., asymmetrical .
behavior is also reversed. Figure 7 shows the frequency de i
pendence of the difference between the two peak height, ] : LN
AZ,,(%). The diference between the two peak heights is
maximum around 1 MHz frequency. C:

The dc axial hysteresis loops of the as-quenched sample o . . L . L
in the absence of any stress and in the presence of stres Frequency (MH2)

0 ap= 452 MPa are shown in Fig. 8. A sudden large change

in magnetization at very low field and a slow increase in  FIG. 7. The frequency dependence of the difference between the
magnetization at higher field is observed. The application ofwo peak height in case of asymmetric M{Z,(%). AMI was

an external stress increases the initial low field jump and thebtained withl ,.=1 mA at 0.8 MHz and 4.=1 mA.

-20 -10 0 10 20
Magnetic field (Oe)

L=1mA,1,~1 mA, £0.8MHz
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ume with magnetization direction perpendicular to the wire
axis. As a result of it, the GMI value increasgsg. 1). The
two peak GMI profile is observed at much lower frequency
in the annealed samp(€ig. 2) compared to the as-quenched
one(Fig. 1) due to the increase in anisotropy field on anneal-
. ing when measured along the axis of the wire. The applica-
g : As-quenched tion of an axial tensile stress has an effect opposite to that of
R current annealing. The stress generates a uniaxial anisotropy
along the axis of the wir¢as the axial magnetic fieldn-
creasing the inner domain volume at the cost of outer do-
mains. This results in the decrease in GMI on applying ten-
sile stress as found in Fig. 1. The magnetoelastic anisotropy
developed by the axial tensile stress enhances the magnetic
| softness along the wire axis and reduces the switching and
« As-quenched, o, =452MPa anisotropy fieldFig. 8). As a result of it AH, the position
P T T TN at which the GMI peaks appear, shifts towards the lower
value of magnetic field with the increase of stress
051 (Fig. 5 and even the single peak behavior is repro-
duced at sufficiently high stress. The magnetostriction co-
£ 0.0- efficient Ay can be estimatéd using the expression
210 | Ns= (uoMg)(dH, /do) and considering that the GMI peaks
appear at the anisotropy field . Taking uoM¢=0.7T, the
03 Ann with [_=50mA, t_=25min value of \g for the sample annealed for 15 min is
] A 1 . | A ] A 1 ~4%x1077.
-8 -4 0 4 8 At frequencies below 1 MHzr(< §), the peak value of
Magnetic field (Oe) GMl is not very large as the contribution to GMI arises from
the induced magnetoinductive voltage. When the frequency
FIG. 8. The hysteresis loops of the as-quenched sample in thg higher than 1 MHz and> 5, higher values of M| are
absence and in the presence of 452 MPa axial t_ensile stress and 9ftained as a consequence of skin effect. Beyond 8 MHz,
the sample annealed with,= 50 MA andt,,= 25 min. domain-wall motion is strongly damped owing to eddy cur-
N ) rents resulting in a small Ml effect. Asymmetry in Ml is
transverse permeability, according to Eq(1) by an exter-  geyeloped as a result of the helical anisotropy generated
nal dc magnetic fieldc. The hysteresis loop and domain ithin the sample due to the combined effect of circular dc

structure of the microwire suggests two permeability peak$nagnetic field produced by the dc current and the applied
against magnetic field, one at the switching field of the innetyyia| dc magnetic field:1®

core domain and the other near the anisotropy field of the
outer shell. These two maxima in transverse permeability
should give rise to two MI_ peaks on bot'h sideshf.=0. At' CONCLUSIONS
lower frequencies, the anisotropy field is close to the switch-
ing field and the two peaks from the two domain regions Glass-coated amorphous microwire with nominal compo-
cannot be distinguished. As a result of it, single peak Misition Caq; qMn; ¢Sis 8B3 3 and low positive magnetostriction
behavior is observefFig. 1) with the peak value atl 4.~0 coefficient are found to show giant magnetoimpedance effect
as the switching field of the microwire is very sm&ht70 in the range 1-8 MHz frequency. A maximum change of
mOe). With the increase in frequency of the ac current, the43% in Ml of the as-quenched sample has been observed at 5
anisotropy field of the outer shell shifts more towards theMHz frequency. Heat treatment of the sample by passing a
higher field compared to the switching field as the domairdc current of 50 mA through it enhances the Ml va{oeaxi-
wall displacement in outer shell is more affected by increasenum change-94%) by increasing the outer domain volume
in frequency than the moment rotation in the inner domainand inducing a transverse anisotropy. On the other hand, ap-
This explains the higher values AH , at higher frequencies plication of an external tensile stress reduces the GMI value
(Fig. 2. At 12.85 MHz (Fig. 2), the GMI peaks neaHy. by increasing the inner core domain and developing an axial
=0 due to inner core domains are not visible in case ofanisotropy. In case of as-quenched sample, the maximum
as-quenched sample as the domains in the outer shell comalue of MI is observed aH,.~0 when measured at fre-
tributes to GMI more than the inner domains whereas thejuency f <8 MHz beyond which two peak MI profile is
same peaks are observed for annealed sample as the consieen. The heat-treated sample shows this two peak behavior
bution from the outer domains is much less arothg=0 in ~ from a much lower frequencgpelow 1 MH2 and additional
the annealed sample. peaks aH 4.~ 0 for f>10 MHz. Asymmetry in the Ml peaks

As the annealing current generates a circular magnetiof a microwire has been developed by passing a dc current
field during heating, a transverse anisotropy is developethrough the sample during impedance measurement. The
within the sample resulting an increase in outer domain volmagnetization measurement indicates two kinds of domain
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