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a b s t r a c t

The giant magnetoimpedance (GMI) effect and its field sensitivity (Z) have been studied in

Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons in the frequency (f) range of 0.1–10 MHz. It is

found that at fo5 MHz, the GMI effect and Z reach the largest values for the Al-containing sample and

the smallest values for the Ni-containing sample, while an opposite trend is observed at f45 MHz.

Magnetization and atomic force microscopy (AFM) experiments reveal that the largest values of the

low-frequency GMI effect and Z for the Al-containing sample result from the largest value of magnetic

permeability, while the largest values of the high-frequency GMI effect and Z for the Ni-containing

sample are attributed to the smallest surface roughness of this sample. These results point to the

importance of the sample surface in determining high-frequency GMI behavior. A correlation between

the sample surface and high-frequency GMI is established in the investigated ribbons.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Soft ferromagnetic amorphous ribbons are widely used for a
wide range of applications, including high-frequency transfor-
mers and magnetic sensors [1,2]. The recent discovery of a
so-called giant magnetoimpedance (GMI) effect in these alloys
has made them very attractive candidates for making highly
sensitive magnetic sensors [3–8]. The GMI effect is the huge
change in the ac impedance (Z) of a ferromagnetic ribbon under
the application of a static magnetic field while a high-frequency
ac current flows through it [3]. GMI has been explained by means
of Maxwell equations solved for certain geometries and particular
models [4]. According to this theory, the high-frequency im-
pedance of a ferromagnetic ribbon can be calculated by

Z ¼ Rdc jkacothðjkaÞ, ð1Þ

where a is half of the thickness of the ribbon, Rdc is the electrical
resistance for a dc current, j is the imaginary unit, and k¼

(1+ j)/dm. The penetration depth or skin depth (dm) in a magnetic
medium, with the transverse permeability (mT) is given by

dm ¼ ðr=pmTf Þ1=2, ð2Þ

where r is the electrical resistivity, mT is the transverse magnetic
permeability, and f is the frequency of the ac current. In
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non-magnetic materials, dm can be controlled by changing the
frequency. In magnetic materials, the application of a magnetic
field changes mT, dm, and consequently Z. According to Eqs. (1) and
(2), GMI effect should be expected in ferromagnetic ribbons with
large mT and small dm and small Rdc [4]. However, this condition is
valid for the low-frequency regime and may become different for
the high-frequency regime when the skin effect is strong and the
effect of sample surface is significant [9–13].

To further elucidate this, we have studied systematically the
influences of magnetic softness and sample surface on the GMI
behavior in Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons
in the frequency range of 0.1–10 MHz. The results obtained reveal
that the largest values of the GMI effect and the field sensitivity of
GMI for the Al-containing sample for fo5 MHz result from the
largest value of saturation magnetization (MS) determined from
the magnetization loop. However, the largest values of the GMI
effect and the field sensitivity of GMI for the Ni-containing sample
for f45 MHz are attributed to the smallest surface roughness of
this sample. These results point to the importance of the sample
surface in determining high-frequency GMI behavior.
2. Experimental

Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons with a
width of 1 mm and a thickness of 16 mm were prepared by the
melt-spinning method. X-ray diffraction confirmed the amor-
phous nature of the alloys and the atomic percentages of the
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elements were established by inductive coupled plasma spectro-
scopy [14]. The ribbon samples of 5 mm length were used for the
present study. The surface morphology of the samples was
analyzed using atomic force microscopy (AFM). Field dependent
magnetization (M–H) measurements were performed at room
temperature using a Physical Property Measurement System
(PPMS) from Quantum Design. Magnetoimpedance measure-
ments were carried out along the ribbon axis in applied dc
magnetic fields up to 120 Oe over a frequency range of
0.1–10 MHz with the ac current directed along the ribbon axis.
An impedance analyzer (HP4192A) was used in the four-terminal
contact mode to measure the absolute value of the impedance of
the sample at room temperature. The detail of the magnetoimpe-
dance measurement system has been reported elsewhere [15].

From the measured impedance, the percentage change of
magnetoimpedance (i.e., the GMI ratio) with applied magnetic
field is expressed as

DZ=Zð%Þ ¼ 100%� ½ZðHÞ�ZðHmaxÞ�=ZðHmaxÞ ð3Þ

and the dc magnetic field sensitivity of GMI as

Z¼ 2�
½DZ=Zð%Þ�max

DH
, ð4Þ

where Hmax is the maximum applied dc magnetic field to saturate
the impedance of the ribbon. DH is a measure of the full-width at
half-maximum (FWHM) of the (DZ/Z)% vs. H.
Fig. 1. 3-D AFM images of (a) the Co69Fe4.5Ni1.5Si10B15 amorphous ribbon, (b) the

Co69Fe4.5Al1.5Si10B15 amorphous ribbon, and (c) the Co69Fe4.5Cr1.5Si10B15

amorphous ribbon.
3. Results and discussion

Fig. 1 shows the AFM images of the surface topography of the
Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbon samples. The
AFM images clearly indicate the distribution of protrusions with very
high and uniform density for the Ni- and Al-containing samples, but
not for the Cr-containing sample. From the corresponding
topographical data of Fig. 1, the root-mean-squared (rms) surface

roughness (Rq ¼ 1=n2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i ¼ 1 z2
i

q
, where z is the average amplitude of

the topographical feature) was determined to be about 2.153 nm for
the Ni-containing sample, 3.098 nm for the Al-containing sample and
5.673 nm for the Cr-containing sample.

Fig. 2 shows M–H loops taken at room temperature for
Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons. It can be
observed that the saturation magnetization (MS) and magnetic
permeability (m) are largest for the Al-containing sample and
smallest for the Ni-containing sample. Meanwhile, the coercivity
(Hc) is almost the same for all the samples.

Fig. 3 shows the magnetic field dependence of GMI ratio (DZ/Z)
at frequencies, f¼1 and 6 MHz, for the Co69Fe4.5X1.5Si10B15 (X¼Ni,
Al, Cr) amorphous ribbon samples. As one can see clearly from
Fig. 3a, for the case at 1 MHz, DZ/Z reaches the largest value for
the Al-containing sample and the smallest value for the Ni-
containing sample, whereas the sample with Ni has the highest
DZ/Z for the case at 6 MHz (Fig. 3b). The sample with Cr has the
lowest GMI ratio at f¼6 MHz.

To better illustrate this feature, we display in Fig. 4a, b the
frequency dependence of maximum GMI ratio ([DZ/Z]max) and the
field sensitivity of GMI (Z) for all samples investigated. A general
trend observed for all the samples is that with increasing frequency
in the range of 0.1–10 MHz, [DZ/Z]max first increases, reaches a
maximum at a critical frequency (f0), and then decreases for higher
frequencies. This trend can be interpreted by considering the
relative contributions of domain wall motion and magnetization
rotation to the transverse permeability and hence the GMI effect
[4]. At frequencies below 1 MHz (aodm), [DZ/Z]max is relatively
low due to the contribution of the induced magneto-inductive
voltage to the measured magnetoimpedance [3]. In the range
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Fig. 2. Magnetic loops of Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous

ribbons.

Fig. 3. Magnetic field dependence of GMI ratio (DZ/Z) at 1 MHz (a) and 6 MHz

(b) for Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons.

Fig. 4. (a) Frequency dependences of maximum GMI ratio ([DZ/Z]max) and (b) its

field sensitivity (Z) for Co69Fe4.5X1.5Si10B15 (X¼Ni, Al, Cr) amorphous ribbons.
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1 MHzrfrf0 MHz (aEdm), the skin effect is dominant, hence a
higher [DZ/Z]max is observed. Above f0, [DZ/Z]max decreases with
increasing frequency. This is because, in this frequency region, the
domain wall displacements are strongly damped owing to eddy
currents thus contributing less to the transverse permeability and
hence [DZ/Z]max. A similar explanation is also proposed for the
frequency dependence of Z. It is worth noting from Fig. 4 that at
fr5 MHz the Al-containing sample shows the largest values of
[DZ/Z]max and Z, whereas at f45 MHz the largest [DZ/Z]max and Z
are achieved for the Ni-containing sample.

In order to explain the frequency dependences of [DZ/Z]max

and Z observed for the studied samples, we note the possible
difference in the magnetic behavior between the interlayer and
outer layer of the ribbon and the importance of sample surface at
high frequencies. It should be pointed out that while a vibrating
sample magnetometer (VSM) reveals a magnetization behavior in
bulk or in the ribbon as a whole, the high-frequency dependence
of the skin depth (dm) reflects the magnetic behavior in the outer
layer of the ribbon. Indeed, recent studies have revealed that the
frequency dependence of dm can be used to probe variations in
film microstructure [16]. That is, dm reflects the magnetic
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behavior of the interior layer of the film at low frequencies, while
for higher frequencies it reflects the magnetic behavior of the
outer layer. In the present study, the magnetic permeability is
largest for the Al-containing sample and smallest for the
Ni-containing sample. As a consequence, in the low-frequency
range (fo5 MHz) the largest values of [DZ/Z]max and Z are
achieved for the Al-containing sample. However, for f45 MHz,
these values are largest for Ni-containing sample. We recall that
the surface roughness of the sample becomes important at high
frequency, where the skin effect is strong [12]. This is not only
because the skin depth may become smaller than the surface
irregularities, but also due to stray fields, which appear on the
rough surface and cause a considerable reduction in the GMI
magnitude. To check these in the present case, we have calculated
the skin depth (dm) of the samples at the highest measured
frequency of 10 MHz using a simple relationship given by
Kuzminski [17]:

dm ¼
a

2

Rdc

Rac
ð5Þ

where a is the ribbon thickness, Rdc is the dc resistance and Rac is
the ac resistance at a given frequency of the ac current (in our
case, the value of Rac was taken at f¼10 MHz). The calculated
values of dm are 3.06, 3.539, and 2.329 mm for the X¼Ni, Al, Cr
samples, respectively. These values are much larger than the rms
surface roughness of the ribbons determined from AFM
(Rq�2.153 nm¼2.153�10�3 mm for the Ni-containing sample,
3.098�10�3 mm for the Al-containing sample, and 5.673�10�3

mm for the Cr-containing sample). Since the skin depth is much
larger than the rms surface roughness for the present samples,
stray fields arising from this surface effect may reduce GMI
magnitude at high frequencies [4,11]. Because the rms surface
roughness is larger for the Al-containing sample (Rq�3.098 nm)
than for the Ni-containing sample (Rq�2.153 nm), the smaller
values of [DZ/Z]max and Z are obtained for the Al-containing
sample at f45 MHz. In the frequency range of 5–10 MHz, the
Cr-containing sample exhibits the smallest values of [DZ/Z]max

and Z (Fig. 4). This is consistent with the fact that the largest
roughness would give the largest stray field, which in turn would
reduce the GMI effect (Rq�5.673 nm for Cr-containing sample).
An important consequence that emerges from our study is that
the larger values of GMI and Z can be obtained in magnetically
softer ribbons at low frequencies where the ribbon surface effect
is negligible, but the situation becomes different at high
frequencies where the sample surface effect is significant. This
important observation provides a clear understanding of the
effect of magnetic softness and sample surface on the frequency-
dependent GMI behavior in the soft ferromagnetic ribbons.
4. Conclusions

The influence of magnetic softness and sample surface on the
GMI effect and its field sensitivity has been studied in Co69Fe4.5X1.5

Si10B15 (X¼Ni, Al, Cr) amorphous ribbons in the frequency range of
0.1–10 MHz. Magnetization and atomic force microscopy (AFM)
experiments confirm that the largest values of the GMI effect and
the field sensitivity of GMI for the Al-containing sample at fo5 MHz
result from the largest value of magnetic permeability, while the
largest values of the GMI effect and the field sensitivity of GMI for
the Ni-containing sample f45 MHz are attributed to the smallest
surface roughness of this sample. These results point to the
importance of the sample surface in controlling high-frequency
GMI behavior. This study also provides a good handle on selecting
the suitable operating frequency range of magnetic materials for
GMI-based field sensor applications.
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