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Abstract

A systematic investigation of the influence of B content on the magnetoimpedance (MI) effect in melt-spun Fe91�xZr5BxNb4 (FZBN,
0 6 x 6 30) ribbons has been performed within a frequency range, f � 310–1110 kHz and under a varying dc magnetic field (Hdc) up to
70 Oe. The MI effect is not observed in the sample with x 6 5 but within the range 8 6 x 6 30. A distinct MI effect has been observed
with a maximum change of 180% at around 1.1 MHz in the sample with x = 20, coincident with a saturation magnetic field of 66 Oe and
a field sensitivity of about 7%/Oe. Magnetic measurements reveal that the MI effect and B content dependence of the effect are closely
related to coercivity of the FZBN alloy series, except for the sample with 20 at.%. The drastic MI ratio observed in the sample with
x = 20 is ascribed to its special microstructure. The mechanism of the MI effect in FZBN alloys and of the significant MI value appearing
at a B content of x = 20 is discussed in this paper.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The magnetoimpedance (MI) effect is the large variation
of impedance in soft magnetic materials induced by a small
dc magnetic field in the presence of a relatively high fre-
quency ac field. In general, it is characterized by a rapid
decrease of impedance with increasing applied magnetic
field. It is generally attributed to the decrease of transverse
or circumferential ac permeability as longitudinal the dc
magnetic field rises, resulting in an increasing skin depth,
and decline in impedance [1]. Since the MI effect was
observed first in 1992 by Mohri et al. in Co-based amor-
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phous wire [2], it has attracted considerable attention for
its important potential applications in high sensitivity mic-
romagnetic sensors and magnetic recording heads. It has
also been investigated in a variety of Fe and Co-based
amorphous ribbons [3], thin films [4], multilayer films with
sandwiched structures [5] and wires [6]. Many of previous
works have demonstrated that the MI effect is related
to such magnetic properties of materials, as coercivity,
saturation magnetostriction, and transverse (for ribbon
and thin film) permeability or circumferential (for wire)
permeability.

The MI effect in Co-based amorphous alloys has been
extensively studied in the past. Whereas its investigation
in Fe-based amorphous alloys is yet to be pursued. It is
concluded from the literatures on Co-based amorphous
alloys that metallic glass with near zero magnetostriction
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show large MI ratios [7]. For example, a MI ratio as
high as 360% was observed in Co-based amorphous wire
or ribbon with a zero magnetostriction constant. However,
a distinct MI effect has not been achieved in any as-spun
Fe-based amorphous alloys due to their large positive
magnetostriction up to now, with the exception of annealed
Fe–Cu–Nb–Si–B and Fe–Zr–B–Cu amorphous alloys [8,9].
The large MI ratio obtained in these annealed Fe-based
amorphous alloys is ascribed to the decline in magneto-
striction and an increase in transverse or circumferential
permeability [1].

It is well known that soft magnetic properties, which are
closely related to the composition and internal configura-
tion of amorphous alloys, are essential for a large MI effect.
According to our previous research results, we conclude
that Fe91�xZr5BxNb4 (FZBN) alloys possess good soft
magnetic properties that change with their composition.
The purpose of this work is to investigate the composition
dependence of both the MI effect and the magnetic proper-
ties of FZBN alloys. We will also explore the relationship
between the MI effect and the magnetic properties in Fe-
based amorphous alloys.
Table 1
Uncertainties of impedance jZj, coercivity Hc and Curie temperature Tc of FZ

Uncertainties for data in Fig. 1

H (Oe) 0 3.3 6.6 9.9 13.2
jZj(X)[x=0] 0.3628 0.3631
±DjZj(X)[x=0] 0.0036 0.0036
jZj(X)[x=8] 0.4084 0.3893 0.3806 0.3701 0.3644
±DjZj(X)[x=8] 0.0041 0.0039 0.0038 0.0037 0.0036
jZj(X)[x=20] 0.4320 0.4093 0.3868 0.3600 0.3372
±DjZj(X)[x=20] 0.0043 0.0041 0.0039 0.0036 0.0034

Uncertainties for data in Fig. 3

B content (at.%) 5 8 11 14 20
Hc (Oe) 10.50 2.22 2.54 2.82 2.63
±DHc (Oe) 0.53 0.11 0.13 0.14 0.13
Tc (�C) 11 44 61 79 130
±DTc (�C) 3 3 3 3 3

Table 2
Uncertainties of crystallization temperature Tx, glass transition temperature T

Uncertainties for data in Fig. 5

B content (at.%) 5 8 11 14
Tx (�C) 569 573 582 558
±DTx (�C) 2 2 2 2
Tg (�C) 562 545
±DTg (�C) 2 2

Uncertainties for data in Fig. 6

B content (at.%) 5 8 11 14
Ms (emu/g)(RT) 37 59 69 84
±DMs (emu/g)(RT) 2 3 3 4
Ms (emu/g)(78K) 120 126 128 132
±DMs (emu/g)(78K) 4 4 4 4
2. Experimental procedures

Polycrystalline ingots of nominal composition Fe91�xZr5-
BxNb4 (FZBN) (0 6 x 6 30 at.%) were prepared in an
induction melting furnace under Ar atmosphere. The ingots
of the alloys were remelted 10 times to ensure the homoge-
neous composition in the samples. Amorphous ribbons were
obtained using single roller melt-spinning equipment with a
copper wheel rotating at a surface velocity of 30 m/s. Each
sample is 20–25 lm in thickness and 2 mm in width.

The amorphous and crystalline structures were identi-
fied by X-ray diffractometry with Cu Ka radiation (XRD)
and transmission electron microscopy (TEM). Measure-
ments of glass transition temperature (Tg), crystallization
temperature (Tx) and Curie temperature (Tc) were per-
formed by differential scanning calorimeter (DSC) at a
heating rate of 20 �C/min in a flowing argon atmosphere.
In order to diminish the effect of the stress caused in rapid
cooling process on Curie temperature, the value measured
in the second run is taken as Tc. Magnetic properties of
samples were measured by using vibrating sample magne-
tometer (VSM).
BN alloy with various B content

19.8 26.4 33 46.2 52.8 66
0.3635 0.3639 0.3629
0.0036 0.0036 0.0036
0.3554 0.3483 0.3437 0.3325 0.3288
0.0036 0.0035 0.0034 0.0033 0.0033
0.3037 0.2842 0.2728 0.2582 0.2537
0.0030 0.0028 0.0027 0.0026 0.0025

22.5 25 27 30
2.05 1.88 1.75 1.80
0.10 0.09 0.09 0.09

168 185 211 247
3 3 3 3

g and saturated magnetization Ms of FZBN alloy with various B content

17 20 22.5 25 27.5 30
562 568 625 632 636 649
2 2 2 2 2 2

547 546 582 589 590 608
2 2 2 2 2 2

17 20 22.5 25 27.5 30
86 93 104 106 104 113
4 5 3 3 3 3

129 130 135 140 146 146
4 4 4 4 4 4



Table 3
Uncertainties of MI ratio DZ/Z(%) of FZBN alloy with various B content

Uncertainties for data in Fig. 2

B content (at.%) 0 5 8 11 14 17 20 22.5 25 27 30
MI (%)(310kHz) 0.100 0.200 7.500 1.100 �0.200 0.010 4.200 9.900 4.300 1.300 2.000
±DMI (%) 0.002 0.004 0.150 0.022 0.004 0.001 0.084 0.198 0.086 0.026 0.040
MI (%)(510kHz) �1.100 0.100 11.000 1.800 0.010 0.800 8.900 16.800 8.900 4.200 5.900
±DMI (%) 0.022 0.002 0.220 0.036 0.001 0.016 0.178 0.336 0.178 0.084 0.118
MI (%)(810kHz) �0.900 0.700 19.000 7.900 2.900 2.500 50.000 27.600 16.800 10.700 15.800
±DMI (%) 0.018 0.014 0.380 0.158 0.058 0.050 1.000 0.552 0.336 0.214 0.316
MI (%)(910kHz) �0.030 0.300 24.200 7.300 4.500 3.100 70.300 30.500 18.900 14.200 18.600
±DMI (%) 0.001 0.006 0.484 0.146 0.090 0.062 1.406 0.610 0.378 0.284 0.372
MI (%)(1110kHz) �0.500 �0.800 20.900 9.600 8.500 4.700 183.800 35.800 23.000 17.800 18.100
±DMI (%) 0.010 0.016 0.418 0.192 0.170 0.094 3.676 0.716 0.460 0.356 0.362
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Solartron 1260 Impedance Analyzer was used for
impedance measurements. A four-probe ac technique was
used to measure the magnitude Z of the magnetoimped-
ance as function of the field Hdc applied along the ribbon
length, i.e., parallel to the ac measuring current. The cur-
rent amplitude used is I = 3 mA and frequency f is between
310 kHz and 1110 kHz. The external field Hdc was gener-
ated by a solenoid with axis perpendicular to the Earth�s
magnetic field to allow field variation from 0 to 70 Oe.

3. Experimental results

The variation of impedance of all samples with applied
dc magnetic field has been measured by using driven ac cur-
rent at f = 310, 510, 810, 910 and 1110 kHz, respectively.
Fig. 1(a)–(c) shows three typical plots of the variation at
910 kHz for the FZBN with x = 0, 8 and 20 at.%, respec-
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Fig. 1. Impedance as a function of external magnetic field at frequency of
910 kHz for FZBN with B content x = 0 (a), x = 8 (b) and x = 20 (c).
Lines are provided as a guide to the eye.
tively (uncertainties for data in Fig. 1 are shown in Table
1). Fig. 1(a) shows that the impedance does not change
with the field, indicating that no MI effect occurs in the
FZBN with x = 0. However, as shown in Fig. 1(b),
the impedance of the sample with x = 8 decreases with
the increasing applied field, implying that the FZBN alloy
with 8 at.% B displays MI effect. The large change of
impedance is obtained in the sample with x = 20, as shown
in Fig. 1(c). Similar results are obtained for the three
FZBN ribbons at other frequencies.

The percentage change of magnetoimpedance with
applied magnetic field (MI) is usually defined as [10]

MI ¼ DZ
Z

¼ Zð0Þ � ZðH satÞ
ZðH satÞ

� 100%; ð1Þ

where Z(0) and Z(Hsat) are the impedance of the sample in
zero and saturation magnetic field, respectively. According
to Eq. (1), we calculate MI values at various frequencies for
the FZBN samples with different B contents. The changes
of MI ratio with B content at various frequencies are plot-
ted in Fig. 2 (uncertainties for data in Fig. 2 are shown in
Table 3). It can be noted from Fig. 2 that MI effect is not
observed for the samples with x 6 5 but within the range of
8 6 x 6 30, where the samples have been identified to be
fully amorphous alloys. At frequencies below 510 kHz
the MI ratio is small and changes little with B content.
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Fig. 2. Dependance of MI ratio on B content in FZBN at measuring
frequency, f = 310, 510, 810, 910 and 1110 kHz. Lines are provided as a
guide to the eye.
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At higher frequencies (above 810 kHz), the value remains
still small for samples within the range 5 < x 6 17, whereas
for x = 20, the value rapidly goes up to the maximum and
then, decreases slowly with the increasing B content in the
range 20 < x 6 30, as shown in Fig. 2. Besides, the MI ratio
at any frequency is obviously larger in high B content range
(20 < x 6 30) than in low B content range (5 < x 6 17).
More significantly, it can be seen in Fig. 2 that the sample
with x = 20 exhibits a distinct frequency response of MI ef-
fect, while the sample with other B content does not show
this character. Specially, values as large as 180% have been
measured at 1110 kHz in FZBN alloys with x = 20, accom-
panied by the field sensitivity of 7%/Oe. All the fact
indicates that drastic MI ratio can also be achieved for
as-spun Fe-based amorphous alloys, which is completely
different from the results (show very small or even no MI
effect in as-spun Fe-based amorphous alloys) reported pre-
viously [1]. That large MI effect and high field sensitivity
make the amorphous alloys more promising for technical
applications in different kinds of high sensitivity micromag-
netic sensors.

4. Discussion

Many results [3,11] indicate that the MI effect is closely
related to excellent soft magnetic properties. Generally
speaking, obvious MI effect can be observed in the amor-
phous alloys with relatively small coercive force Hc.
Fig. 3 plots Hc as a function of B content for the FZBN
alloys (uncertainties for data in Fig. 3 are shown in Table
1). XRD and TEM measurements have confirmed that
the FZBN is crystal at x = 0, partial amorphous alloy at
x = 5 and fully amorphous alloy in the range of x = 8–
30. It is seen clearly that Hc decreases quickly in the range
of x = 5–8, but slowly in the range of x = 8–30 with
increasing B content, as shown in Fig. 3. That implies a
strong relationship between the coercivity and the structure
that small coercivity can be obtained in the fully amor-
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Fig. 3. Coercivity Hc and Curie temperature Tc of FZBN as a function of
B content. Straight lines associated with the Curie temperature data are
the result of a linear fit to these data. All other lines are provided as a
guide to the eye.
phous FZBN alloys. By comparing Fig. 2 with Fig. 3, it
is found that although coercive force of the samples with
x 6 5 is a few Oe larger than that of the samples with
x P 8, the MI effect is not observed in the former compo-
sition range but in the latter, indicating that the MI effect is
sensitive to the Hc. Based in Figs. 2 and 3 results, it is con-
cluded that obvious MI effect occurs at coercivity of below
3 Oe and frequencies of above 810 kHz for the FZBN
alloys. However, although the FZBN with x = 20 has not
the smallest coercivity among all the compositions, it has
distinct MI ratio at f P 810 kHz and approaches the max-
imum value of 180% at around 1.1 MHz. That indicates
coercivity is not the dominant factor for the FZBN with
x = 20 to get the drastic MI ratio, prompting us to look
into the microstructures of the amorphous alloys.

It is well known that microstructure has a strong influ-
ence on both physical properties and crystallization process
of melt-spun amorphous magnetic ribbons. In order to
understand change of microstructure of the amorphous
alloys with B content, thermal analysis was carried out
carefully. Fig. 4 shows DSC curves of FZBN (x = 8, 14,
20, 22.5 and 30 at.%) alloys, respectively. The samples with
x < 20 crystallizes in a primary crystallization mode, as
shown in Fig. 4(a) and (b), and their crystallization prod-
ucts are a-Fe, Fe2Nb(Zr) and ZrB2 [12] according to
XRD results. As observed, the onset crystallization temper-
ature changes a little with B content, while the intensity of
the first exothermic peak increases with increasing B con-
tent. Both crystallization temperature and intensity of sec-
ond exothermic peak of the residual amorphous alloy
decrease evidently with the increment of B content. How-
ever, the increase in B content to 20 at.% causes the disap-
pearance of the second exothermic peak of the residual
amorphous alloy (see Fig. 4(c)), and the sample approxi-
mately crystallizes in an eutectic mode, without any change
in crystallization products. When B content exceeds
20 at.%, as shown in Fig. 4(d) and (e), there is only one exo-
thermic peak in the DSC curve, suggesting that the amor-
phous FZBN crystallizes in a eutectic mode. Moreover,
400 500 600 700 800

a
B = 8 at.%

Temperature (°C)

b

c

B = 14 at.%

B = 20 at.%

e

d

B = 30 at.%

H
ea

t F
lo

w
 (

J/
g)

  e
xo

.

B = 22.5 at.%

Fig. 4. DSC curves of amorphous FZBN with B content of 8 (a), 14 (b),
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both Tx and Tg for the samples in this composition range
noticeably increase all of a sudden, as observed in Fig. 5
(uncertainties for data in Fig. 5 are shown in Table 2),
and also the crystallization products change into a-Fe
and a new FZBN cubic phase [12]. Based on the results
mentioned above, we conclude that the FZBN alloys with
x 6 20 and x > 20 possess different microstructures and
the structure alters at the point where B content is 20 at.%.

In addition, we investigate the correlation between other
physical properties and B composition. Fig. 6 shows the
curves of saturated magnetization (Ms) as a function of B
content at 78 K and room temperature, respectively (uncer-
tainties for data in Fig. 6 are shown in Table 2). Both
curves display evident changes at the composition of
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Fig. 6. Saturated magnetization as a function of B content at 78 K and
room temperature for amorphous FZBN. Lines are provided as a guide to
the eye.
20 at.%. According to the measurements on Hc, Tc (see
Fig. 3, line is a representation of the method of linear fit-
ting) and Ms, we can conclude that the changing tendency
of these physical properties with B content in low B content
range (x 6 20) differs obviously from that in high B content
range (x > 20) and an incontinuous change occurs at
x = 20, which resemble the changing behavior of Tg and
Tx (shown in Fig. 5). All of these consequences provide a
further indication that the variation of microstructures in
amorphous FZBN is responsible for its physical properties.

It is clear now that domain structures play a decisive role
in the origin of the MI effect [13]. The domain wall move-
ment contributes to the change in transverse permeability
during the interaction between ac excitation field and axi-
ally applied dc magnetic field [11]. Complicated domain
structure describes inhomogeneous stress distribution in
different region of material. Such stress fluctuation coupled
with magnetostriction produces local anisotropy which
affects domain motion, and thus leads to decline in perme-
ability and enhancement in coercive force. During the fab-
rication of ribbon unavoidable residual stresses remain in
sample, creating irregular domain pattern. The difference
of MI ratio of as-prepared samples with 0 6 x 6 30 can
be explained in terms of permeability changes and distinct
magnetostriction constants, which have a strong relation-
ship to their domain structures. The FZBN amorphous
alloy with x = 20 may possess high permeability and nearly
zero magnetostriction and therefore shows large MI value.
However, due to the complexity of the domain structures
and the domain wall motion in an applied field, as well as
the lack of a good technique for characterization, its micro-
structure still needs to be further studied.

In conclusion, the MI effect in FZBN alloys is closely
associated with the change of microstructures. The sample
with B content of 20 at.% may possess special domain
structure that leads to it exhibiting particular magnetic
and electric properties, such as high transverse permeabil-
ity. Thus, due to the fast deterioration of the permeability
with the increasing applied field, skin depth rapidly
increases, causing the drastic enhancement of the MI effect.
Another possible mechanism responsible for the very large
MI ratio in the sample with x = 20, may be ascribed to the
small saturation magnetostriction constant resulting from
its special microstructure, as many research results have
proved that near zero magnetostriction can bring about
significant MI effect. Anyway, the high MI ratio of the
amorphous FZBN with B content of 20 at.% is not only
related to coercivity but also to its special microstructure.
However, the mechanism producing the distinct MI effect
still needs to be studied through experiments.

5. Conclusions

The MI ratio as a function of B content has been studied
for melt-spun amorphous FZBN ribbons. The MI effect,
which is closely related to coercivity of the alloys, is not
observed in the sample with x 6 5, but is observed within
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the B-composition range between 8 and 30 at.%. A pro-
nounced MI effect occurs at coercivities below 3 Oe and
at frequencies above 810 kHz. An especially large MI effect
is obtained at a saturation magnetic field of about 66 Oe in
the sample with a B content of 20 at.%. As the frequency
increases, the MI ratio rapidly increases, reaching a maxi-
mum value of 180% at around 1.1 MHz, with the field sen-
sitivity of 7%/Oe. This significant MI effect is attributed to
a domain structure formed by the inhomogeneous stress
induced during the quenching process. As the stress varies
from the surface to the center, the domain structure, as well
as the magnetic anisotropy, vary along the ribbon cross-
section. Due to this domain structures, the FZBN amor-
phous alloy with x = 20 may possess a high permeability
and nearly zero magnetostriction. This results in the large
MI effect observed.
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