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Fe73.5Si13.5Cu1Nb3B9 and Fe77.2Si11.2Cu0.8Nb3.3B7.5 nanocomposite materials consisting of

nanocrystalline phase in an amorphous matrix were obtained by heat-treatment of their precursor

amorphous ribbons. The influence of structural modifications induced during the heat-treatment on

soft magnetic properties and magnetoimpedance (MI) effect have been studied. The structural

investigations on both these ribbons revealed the presence of two phases, fine grained Fe3Si phase

and a residual amorphous phase on heat-treatment. The maximum MI ratio obtained in the present

study is 95% at f¼ 4MHz, for the optimized heat-treated Fe77.2Si11.2Cu0.8Nb3.3B7.5 ribbon. This is

ascribed to the increase in magnetic permeability and decrease in coercive force and intrinsic

resistivity. Moreover, a maximum magnetic field sensitivity (n) of 8.3%/Oe at f¼ 2.5MHz is

obtained, for the optimized nanocrystalline Fe73.5Si13.5Cu1Nb3B9 ribbon. This suggests that tailor-

ing of the nanocrystalline microstructures induced by optimum heat-treatment conditions can result

in obtaining excellent combinations of the magnetic permeability and resistivity. Our results indi-

cate that these Fe-based nanocrystalline materials can be ideally used for low magnetic field and

high frequency sensor applications.VC 2011 American Institute of Physics. [doi:10.1063/1.3656450]

I. INTRODUCTION

Nanocrystalline FeSiCuNbB alloys, popularly known as

FINEMET, are the subject of recent research interest because

of their excellent combination of soft magnetic properties,

i.e., very high permeability, low coercive force, and nearly

zero value of magnetostriction (k). This can be achieved

upon suitable partial nanocrystallization of amorphous phase

into a-Fe(Si) and/or Fe3Si phase (with a mean grain

size� 10 nm).1 These alloys in amorphous state are produced

by rapid solidification technique. The nanocrystallization is

done through controlled devitrification of amorphous rib-

bons.2 The improvement of the soft magnetic properties of

metallic alloys mainly depends on the proper selection of the

main alloy composition and development of the appropriate

microstructure through suitable heat-treatment conditions.3

These soft magnetic alloys also find applications as magnetic

heads and sensors based on the magnetoimpedance (MI)

effects.4,5 The MI effect is a classical electromagnetic phe-

nomenon, where the impedance of a ferromagnetic conduc-

tor changes significantly under the application of a

longitudinal dc magnetic field. The electromagnetic origin of

the MI effect has been attributed to the combination of skin

effect and the field dependence of circumferential/transverse

magnetic permeability (lt
0) associated with the circular/

transverse motion of magnetic moments.6 At a given fre-

quency, the application of a dc magnetic field (Hdc) changes

lt
0 and hence the magnetic penetration depth, dm. Therefore,

the MI effect can be achieved in magnetic materials where

lt
0 is high and q is small. In this respect, Co-based amor-

phous alloys (in the form of ribbons/wires) have been found

to exhibit large MI effect due to their large transverse mag-

netic permeability and are potential candidates for MI sensor

applications.7–9 However, one disadvantage of Co-based

materials is their high resisitivity. Since Fe-based nanocrys-

talline materials have low resistivity as compared to Co-

based amorphous alloys, they are expected to show larger

MI values.

It is now well established that in a two-phase nanocrystal-

line FeSiCuNbB alloy system, the extremely soft magnetic

behavior is a consequence of the reduced grain size D of

a-Fe(Si) or Fe3Si microstructures.1 When these structural

changes occur on a scale smaller than the magnetic exchange

correlation length L0¼ (A/K)1/2, the magnetization cannot fol-

low the local anisotropy axis and stay essentially homogene-

ous within L0 due to the smoothing effect of the exchange

interaction energy, A. Thus, the effective anisotropy of the

randomly oriented grains is largely averaged out, and the ma-

terial becomes soft magnetic for D<L0 (L0� 5 – 10 nm for

Co-based to about 20–40 nm for Fe-based alloys). As a result

of that, the effective anisotropy is reduced three orders of

magnitude at the macroscopic level.10 Furthermore, magnetic

anisotropy in some amorphous alloys is dominated by magne-

tostrictive phenomena. But, in the case of nanocrystalline

FINEMET type of alloys, the resultant magnetoelastic anisot-

ropy is very small, because there is a compensation between

negative magnetostriction of the nanocrystalline a-Fe(Si)

phase (knc��6� 10�6) and positive magnetostriction of the

amorphous interface (kamorph� 20� 10�6).11,12 This suggests

a)Author to whom correspondence should be addressed. Electronic mail:
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that the magnetostriction value can be nullified through opti-

mum heat-treatment. Therefore, the exact composition of

these phases, the amount of each of them, the grain size and

other parameters need to be monitored during partial crystalli-

zation, in order to obtain best performance of the final prod-

uct. In our earlier works,13,14 we have shown that the

structural modifications in FeSiCuNbB ribbons induced dur-

ing heat-treatment significantly improve the magnetic proper-

ties and MI response.

In this report, our efforts have been devoted to investi-

gate the microstructures in Fe73.5Si13.5Cu1Nb3B9 and Fe77.2
Si11.2Cu0.8Nb3.3B7.5 ribbons in their as-quenched state and

heat-treated at different temperatures that affect the magnetic

properties and MI behavior of the alloys. In particular, our

objective is to find an optimal heat-treatment condition not

only for high magnetic softness but also to make the alloy

more promising for high frequency and low magnetic field

sensors by getting the best MI response. Our present results

show the soft magnetic properties are pronounced in Fe77.2S-

i11.2Cu0.8Nb3.3B7.5 compared to Fe73.5Si13.5Cu1Nb3B9 alloy

ribbons and hence the MI response.

II. EXPERIMENTAL DETAILS

Amorphous Fe-based ribbons with nominal composition

Fe73.5Si13.5Cu1Nb3B9 and Fe77.2Si11.2Cu0.8Nb3.3B7.5 (here-

after referred to as FIN-1 and FIN-2, respectively) were pre-

pared by melting pure Fe, Si, Cu, Nb, and B elements in a

vacuum induction-melting furnace. Ribbons of 25 lm thick

and 1mm width were obtained by the melt-spinning tech-

nique at a wheel speed of 47m/s in a controlled argon atmos-

phere. The amorphous nature of the samples was confirmed

through X-ray diffraction (XRD) study. The crystallization

temperature of these ribbons was determined using a differ-

ential scanning calorimeter (DSC) (TA Instruments-DSC

910S) at a scanning rate of 20 �C/min. As-quenched ribbons

were heat-treated at selected temperatures of 500, 525, 550,

575, 600, and 625 �C for 30min in a vacuum furnace. The

crystallization process of the heat-treated ribbons was moni-

tored using X-ray diffractometer (Philips PW 1710) with Co-

Ka (k¼ 0.17889 nm) radiation, and the surface topography in

nanoscale of the as-quenched and heat-treated samples was

investigated using a 5 kV field emission scanning electron

microscope (FESEM) (Carl Zeiss, Supra 40). A coercimeter

(FÖSTER-KOERZIMET 1.095) was used to determine the

coercivity of the samples, while the dc resistivity measure-

ments were performed using a four-terminal contact method.

Impedance and permeability measurements were performed

by impedance analyzer (Agilent 4294A) using 42941A

standard probe on 50mm long ribbons placed in the homoge-

neous magnetic field produced through a home-made

Helmholtz coil in a frequency range of 0.5–20MHz. The

applied ac current flowing across the sample was kept con-

stant at 10 mA. The external dc magnetic field, Hdc, was gen-

erated by the Helmholtz coil with an axis perpendicular to

the Earth’s magnetic field to allow field variation of

�76�Hdc� 76Oe. The percentage change of magnetoim-

pedance (i.e., MI ratio) with applied magnetic field has been

expressed as

MI ¼
DZ

Z

� �

%ð Þ ¼
Z Hdcð Þ � Z Hmaxð Þ

Z Hmaxð Þ

� �

� 100; (1)

where Hmax¼ 76Oe, the maximum applied field. Real and

imaginary parts of the complex permeability, l*5 l0(f)

2 l00(f), was measured by placing the ribbon in a small

rectangular pick-up coil, and the oscillating current through

the pick-up coil was maintained constant at 10 mA.

III. RESULTS AND DISCUSSIONS

A. Microstructural analysis

Figures 1(i) and 1(ii) show the X-ray diffraction patterns

from the free surface of the as-quenched and heat-treated

FIN-1 and FIN-2 ribbons, respectively. It is observed that

as-quenched ribbons are fully amorphous as confirmed

through the presence of a broad halo obtained nearly at

2h¼ 53�. On heat-treatment of these samples at temperatures

above 525 �C, three diffraction peaks have been observed in

XRD patterns and identified as Fe3Si phase with representa-

tive peaks (2 2 0), (4 0 0), and (4 2 2). The mean crystallite

size (D1) of the Fe3Si phase at different heat-treatment tem-

peratures (Ta) was estimated using Scherrer’s equation from

the full width at half maxima (FWHM) of the (2 2 0) diffrac-

tion peak, and the variation of D1 with Ta is shown in Fig. 2.

It is observed that the crystallite size marginally increases

from 10 nm to 12 nm in the case of FIN-2 as the Ta is raised

from 525 �C to 625 �C, whereas for FIN-1 alloy, the

FIG. 1 X-ray diffraction pattern of as-quenched and heat-treated (i) FIN-1

and (ii) FIN-2 ribbons.

083918-2 Sahoo et al. J. Appl. Phys. 110, 083918 (2011)
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variation of crystallite size with Ta appears to be more dra-

matic. The D1 initially increases from 13.5 to 15.5 nm at

550 �C, decreases to 11 nm at 600 �C, and then again

increases to 14 nm with Ta.

Surface micrographs of as-quenched and heat-treated

ribbons of FIN-1 and FIN-2 alloys are shown in Figs. 3

and 4, respectively. As-quenched ribbons exhibit featureless

uniform background indicating the absence of crystalline

phases, while the heat-treated ribbons show the presence of

nanocrystalline microstructures embedded in the amorphous

matrix. With the increase in Ta, both number and size of the

grains increase. These changes in microstructures are

strongly reflected in their electrical and magnetic properties.

B. Electrical and magnetic properties

Figures 5(i) and 5(ii) show dc resistivity (q) and coerciv-

ity (Hc) as a function of heat-treatment temperature (Ta) for

both the ribbons, respectively. It can be observed that q

decreases slowly from the as-quenched (i.e., amorphous) state

to the ribbon heat-treated at 500 �C, which can be attributed to

the surface crystallization of the ribbons confirmed through

FESEM studies. No significant changes are seen in the data

obtained through X-ray diffraction studies on bulk ribbons.

With further increase in the Ta (i.e., beyond 500 �C), a monot-

onous decrease in the q value is observed, which is a conse-

quence of observable change in the crystallization (i.e.,

nucleation of Fe3Si phase) obtained through X-ray diffraction

studies. This strong (�20%) reduction in the resistivity of the

nanocrystalline ribbons reduces the magnetic penetration

depth at higher frequencies, which contributes to increasing

the impedance of the samples. Moreover, the higher q value

of FIN-1 over FIN-2 alloy in the entire range of Ta can be

ascribed as a higher percentage of Silicon in the amorphous

matrix of FIN-1 than FIN-2 ribbon.

The Ta dependence of Hc indicates that for FIN-1, Hc

value increases first from 1.6Oe in the as-quenched state to

2.6Oe in the heat-treated state of 500 �C. With further incre-

ment in Ta, Hc value decreases to 0.7Oe in the heat-treated

state of 575 �C and then abruptly increases to around 18Oe

in the heat-treated state of 625 �C. On the other hand, for

FIN-2, Hc value decreases from about 0.21Oe in the as-

quenched state to 0.04Oe at the higher heat-treatment tem-

perature of 575 �C and then increases to a great extent

1.67Oe for the sample heat-treated at 625 �C. A similar Ta

dependence of Hc has been reported in earlier reports.15,16

The obtained coercivity (Hc) of FIN-1 sample in the heat-

treated state of 500 �C is greater than the as-quenched state,

which is a consequence of stress relaxation induced earlier

during the rapid solidification technique. The decrease in Hc

value for Ta> 500 �C of both these alloys can be attributed

FIG. 2. Crystallite size (D1) of as-quenched and heat-treated FIN-1 and

FIN-2 ribbons.

FIG. 3. FESEM micrographs of (a) as-quenched, (b) 550 �C, (c) 575 �C, and

(d) 600 �C heat-treated FIN-1 ribbons.
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to the nucleation of soft magnetic Fe3Si phase. The mini-

mum Hc value occurs for the samples heat-treated at 575 �C

indicating optimum crystallization of Fe3Si phase. With fur-

ther increment in Ta, the value increases; this might be due

to the nucleation of hard magnetic (i.e., Fe3B or, Fe2B)

phases and significant decrease in volume fraction of the

amorphous matrix through which the nanocrystalline grains

are coupled. In our earlier X-ray diffraction patterns, these

phases are not found in the discussed Ta range, which might

be due to very low intensity of these phases below the sensi-

tivity of X-ray diffractometer. The superfine Fe3Si nanocrys-

tallites of FIN-2 over FIN-1 ribbon depict lower Hc values

in the entire heat-treatment range.

C. Ac magnetic permeability and MI response

Figures 6(i) and 6(ii) show the magnetic permeability (l0)

as a function of frequency for as-quenched and heat-treated

FIN-1 and FIN-2 ribbons, respectively. It can be observed

that the permeability remains almost constant up to a particu-

lar frequency and then decreases drastically for all samples.

At low frequency (within flat region), the permeability

increases with heat-treatment temperature (Ta) up to 575 �C

for FIN-1 and 600 �C for FIN-2 and then again decreases on

further increasing Ta. This increase in l0 indicates the

improvement of magnetic softness in the heat-treated ribbons,

which can be attributed to the nucleation and nanocrystalliza-

tion of soft magnetic Fe3Si phase. These observations are in

good agreement with the obtained coercivity results. Further,

the FIN-2 ribbon shows relatively large permeability in their

nanocrystalline state than FIN-1 ribbons.

As discussed earlier, the origin of MI is related to the

skin effect characterized by magnetic penetration depth dm,

which in turn related to permeability and its dependence on

applied dc magnetic field. The special domain structure of the

soft magnetic samples and different magnetization processes,

domain-wall motion, and moment rotation cause the change

in the transverse magnetic permeability (lt
0) upon application

of an external longitudinal dc magnetic field (Hdc). According

to the classical electromagnetism, the impedance Z (f, Hdc)

FIG. 4. FESEM micrographs of (a) as-quenched, (b) 550 �C, (c) 575 �C, and

(d) 600 �C heat-treated FIN-2 ribbons.

FIG. 5. Heat-treatment temperature (Ta) dependence of (i) dc resistivity (q)

and (ii) coercivity (Hc) of FIN-1 and FIN-2 ribbons.

083918-4 Sahoo et al. J. Appl. Phys. 110, 083918 (2011)
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changes with the frequency (f) and longitudinal dc magnetic

field (Hdc) in conjunction with the transverse magnetization.

For the simple geometry of a ribbon, Z can be expressed

as17,18

Z ¼
1� ið ÞqL

2ddm

dm ¼
q

pl0tf

� �1=2

; (2)

where L and d are the length and width of the ribbon, respec-

tively. This formula shows that the behavior of Z is deter-

mined by the skin effect. It is worth noting that as the skin

effect becomes dominant (t/dm� 1, where t is the half thick-

ness of the ribbon), the impedance Z a (flt
0)1/2.7 This is the

reason that the best MI response appears only at moderate

frequency (1–10MHz), where the factor (flt
0)
1/2 shows a

maximum.

The impedance (Z) as a function of Hdc was measured

under several frequencies from 0.5–20MHz. Figs. 7(i) and

7(ii) show the field dependence of MI ratio [i.e., (DZ/Z)(%)] at

a representative frequency, f¼ 4MHz for FIN-1 and FIN-2,

respectively. It can be observed that the field dependence of

(DZ/Z)(%) shows double peak feature for all the ribbons,

which increases first with Hdc and reaches a maximum

(DZ/Z)max(%) at a critical field and decreases with further

increase of Hdc. In the present work, the MI profile shows a

single peak feature at lower frequencies (f� 1MHz), but a

double peak feature is observed at higher frequencies

(f> 1MHz). In general, there are two types of MI curves,

which depend on the effective anisotropy in the sample.19,20

For a single peak feature, a longitudinal anisotropy with

respect to the current and the applied field is essential. The ac

magnetization precession occurs under the effect of a trans-

verse ac magnetic field induced by the current. For a two peak

feature, a transverse anisotropy with respect to the current and

the field is essential. Previous studies have established that the

appearance of double peaks is due to transverse anisotropy.21

At zero applied field, when the magnetization is in the trans-

verse direction, the ac precession under the transverse ac mag-

netic field is not possible. Applying the dc field and rotating

the magnetization away from the transverse direction stimu-

lates the precession and larger ac permeability is estab-

lished.22,23 When a small dc magnetic field is applied along the

length of the ribbon, the domain-walls move along the length

of the ribbon. This happens until the dc field reaches the trans-

verse anisotropy field Hk. Further increment in the dc field

could inhibit the wall movement and impel the moment rota-

tion of the domains as the effective permeability decreases

sharply leading to a strong MI effect. The two peaks feature

confirms the damping of domain-wall motions and shows that

tangential magnetization proceeds by the rotation of the

moments of the domains.24 It is observed that the effective ani-

sotropy field lies between 0.5–2.5Oe at the measuring fre-

quency of 4MHz and changes to larger value with increasing

FIG. 6. (Color online) The initial magnetic permeability (l0) spectra of as-

quenched and heat-treated (i) FIN-1 and (ii) FIN-2 ribbons. FIG. 7. (Color online) MI profile [i.e., (DZ/Z)(%)] measured as a function

of external dc magnetic field at frequency, f¼ 4MHz, for as quenched and

heat-treated (i) FIN-1 and (ii) FIN-2 ribbons. Inset: The frequency depend-

ence of the maximum MI ratio [i.e., (DZ/Z)max.(%)] for as-quenched and

heat-treated (i) FIN-1 and (ii) FIN-2 ribbons.

083918-5 Sahoo et al. J. Appl. Phys. 110, 083918 (2011)
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frequency for both the ribbons. Since the value of the effective

anisotropy field is actually very small in the nanocrystalline

samples, the maximum value of MI is observed at nearly zero

field (Hdc� 0) for low frequencies (f� 1MHz).25 From the

inset of the Figs. 7(i) and 7(ii), it can be noted that the largest

MI value observed in the 575 �C heat-treated ribbon is about

72% at f¼ 4.5MHz for FIN-1 and in the 600 �C heat-treated

ribbon is about 95% at f¼ 4MHz for FIN-2 ribbon. The rela-

tively strong MI effect in the FIN-2 rather than the FIN-1 rib-

bon is attributed to the lower coercivity and resistivity with

larger magnetic permeability as well as finer crystallite size of

FIN-2 ribbon, which are dominant in the superior soft mag-

netic properties. When Ta is greater than these temperatures,

the MI value decreases to a great deal, which is likely due to

increase in the magnetostriction (k) and coercivity value, and

decrease in the volume fraction of amorphous matrix through

which the Fe3Si grains get coupled. These Ta values (i.e.,

575 �C for FIN-1 and 600 �C for FIN-2) determine the opti-

mum heat-treatment temperature for these alloys.

In addition, the inset of Figs. 7(i) and 7(ii) shows the fre-

quency dependence of maximum MI ratio [i.e., (DZ/

Z)max(%)] for FIN-1 and FIN-2, respectively. It is found that

at frequencies below 1MHz (i.e., the half thickness of the rib-

bon, t< dm), the maximum value of (DZ/Z)max(%) is relatively

low due to the contribution of the induced magnetoinductive

voltage to the magnetoimpedance. When 1MHz� f� 5MHz

(i.e. t� dm), the skin effect is dominant, and hence, a higher

(DZ/Z)max(%) is observed. Beyond f¼ 5MHz, the

(DZ/Z)max(%) decreases with increasing frequency. It is

believed that in this frequency region (f	 5MHz), the

domain-wall motions are strongly damped owing to eddy cur-

rents and only moment rotation takes place, hence contribut-

ing less to the transverse magnetic permeability, which

declines large (DZ/Z)max(%).26 Furthermore, it can be seen

that with increase in the heat-treatment temperature, the (DZ/

Z)max(%) increases till the optimum Ta value discussed above

and the peak position of (DZ/Z)max(%) vs. f shifts towards

lower frequencies. This can be ascribed to decrease in resistiv-

ity values with the Ta, which is helpful in producing the

micro-eddy currents. Due to this, damping of domain-wall

motion occurs at lower frequencies. Such a behavior with

change in q values has been reported earlier.27

To this end, the frequency dependence of the magnetic

field sensitivity (n) has been calculated for the as-quenched

and heat-treated FIN-1 and FIN-2 ribbons, using the

expression28

n ¼

2
DZ

Z

� �

max

%ð Þ

DH
; (3)

where DH is the FWHM of the MI response. The results are

shown in Fig. 8. It can be noted that the obtained maximum

field sensitivities of the MI effect for the FIN-1 ribbon heat-

treated at 575 �C and FIN-2 ribbon heat-treated at 600 �C are

8.3%/Oe at 2.5MHz and 4.7%/Oe at 2MHz, respectively.

Earlier several attempts have been made to maximize the

magnetic field sensitivity (n) in MI effect by adding different

dopants to the primary alloy systems. Zhang et al.29 have

studied amorphous ribbons of Co72�xFexZr8B20 alloys, and

decrease of n has been found with increase in the Fe concen-

tration. Recently, the values of n have been reported for the

amorphous and nanocrystalline (Co1�xFex)89Zr7B4 alloys,

and a maximum value of about n¼ 7%/Oe at a frequency,

f¼ 2MHz, has been reported for x¼ 0 nanocrystalline

alloy.30 Apart from Co(Fe)-based alloys, Phan et al.31 have

investigated the effect of addition of Al to the FeSiCuNbB

alloy ribbons. For the nanocrystalline Fe73Si14Cu1Nb3.5B8.5

ribbon, the value of n¼ 9%/Oe at f¼ 1MHz has been

reported and these values are further improved with the sub-

stitution of Al for Fe in the FeSiCuNbB alloy systems.26

These reported results are in good agreement with our

obtained results. From Fig. 8, it can be noticed that the strong

increase of the magnetic field sensitivity (n) in the low fre-

quency range (f� 2MHz) is likely due to the strong increase

of MI which resulted mainly from the domain-wall motion

process and to the small FWHM (DH) that was almost insen-

sitive to the change of frequency. In the intermediate fre-

quency range (2MHz� f� 5MHz), as the measured

frequency range was increased, DH increased stronger com-

pared to the increase in MI resulted from both the contribu-

tions of domain-wall motion and moment rotation processes,

thus, leading to a reduction in n, according to the expression

(3). At higher frequencies (5MHz� f), the strong drop in n

FIG. 8. (Color online) The magnetic field sensitivity (n) calculated as a

function of frequency for as-quenched and heat-treated (i) FIN-1 and (ii)

FIN-2 ribbons. Inset: (i) Frequency dependence of n for 540 �C annealed

Fe73Si14Cu1Nb3.5B8.5 ribbons as reported in Ref. 31.
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resulted from both the decrease in MI and increase in DH,

with increase in frequency. The field sensitivity of the possible

sensor made out of MI material essentially depends on two pa-

rameters: (i) the MI ratio and (ii) rate at which the impedance

responds to the field. More interestingly, FIN-1 shows rela-

tively larger magnetic response over FIN-2 alloy, in the meas-

ured frequency range. The change in FWHM (DH) value can

be realized from Figs. 7(i) and 7(ii) that the DH is more for

FIN-2 compared to the FIN-1, though the obtained MI is

larger for the FIN-2 ribbon. These results are of practical im-

portance in developing high performance MI sensors.

IV. CONCLUSIONS

We have investigated the influence of nanocrystalliza-

tion on soft magnetic properties and the MI effect in the

Fe73.5Si13.5Cu1Nb3B9 (FIN-1) and Fe77.2Si11.2Cu0.8Nb3.3B7.5

(FIN-2) ribbons. With suitable heat-treatment of these amor-

phous ribbons, one can fine tune the microstructures to gen-

erate high performance soft magnetic materials for specific

applications. The Fe3Si phase is identified from X-ray dif-

fraction studies in the nanocrystalline state of the ribbons.

Superfine nanocrystalline structure (average grain size of

Fe3Si� 12 nm) is obtained with controlled heat-treatment of

amorphous Fe77.2Si11.2Cu0.8Nb3.3B7.5 ribbons. It is shown

here that these changes result in improvement of the soft

magnetic properties, which are sensitive to the alloy compo-

sition. Further, the role played by electrical resistivity and

coercivity of the sample in enhancing the MI values has been

demonstrated. Though soft magnetic properties and MI val-

ues are pronounced in Fe77.2Si11.2Cu0.8Nb3.3B7.5 ribbons,

higher magnetic response of 8.3%/Oe at 2.5MHz is obtained

for the Fe73.5Si13.5Cu1Nb3B9 sample heat-treated at 575 �C.

These obtained results can be beneficial for developing high

performance MI sensors. The excellent soft magnetic proper-

ties play a crucial role in the high MI response. On the other

hand, the proper transverse anisotropy with respect to the

long dimension of ribbons is also necessary to obtain strong

MI effect.
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