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a b s t r a c t

We report a systematic study of the influence of sample length on the giant magnetoimpedance (GMI)
effect and its field sensitivity (�) in Co69Fe4.5Ni1.5Si10B15 amorphous ribbons in the frequency range of
0.1–10 MHz. We show that there exists a critical length (L0 ∼ 8 mm) below which the maximum GMI and �
decrease with decreasing sample length (L) and above which they increase with decreasing L. The critical
frequency, at which the maximum GMI and � are achieved, reaches the largest value for samples with
L = L0 and shifts to lower values for samples with L < L0 and L > L0. Our observations provide important
practical guidance for optimization of the geometrical dimensions of magnetic sensing elements and
design of GMI-based magnetic sensors. The demagnetization contribution for L < L0 and the origin of the
existence of L0 and f0 are discussed in the context of the permeability and resistance dependences of GMI.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Research on soft ferromagnetic materials exhibiting giant
magnetoimpedance (GMI) effect for high-performance magnetic
sensors is an area of topical interest [1]. The GMI effect is defined
as the large change of the ac impedance of a magnetic material
when a dc magnetic field is applied. GMI has been observed in a
variety of materials, such as magnetic wires [2], ribbons [3] and
thin films [4], and it strongly depends on the geometrical dimen-
sions of the samples [5–10]. However, for practical applications
that require fabrication of sensors of different dimensions, the
sample length (L) dependence of GMI in different types of sam-
ples needs further investigation. Vazquez et al. [11] reported that
the GMI effect decreased in Fe-based nanocrystalline wires as the
wire length decreased from 8 to 1 cm. A similar trend was also
observed for the case of Co-based amorphous ribbons [12–14], Fe-
based nanocrystalline ribbons [15,16] and CoSiB/Cu/CoSiB layered
thin films [5]. However, Phan et al. [17] reported that the decrease
of length of a Co-based microwire from 4 to 1 mm resulted in a
strong increase of the GMI effect. These varied observations lead
to a general expectation that for each type of material there exists
a critical length (L0), below which the GMI effect decreases with
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decreasing sample length [11–15] and above which it increases
with decrease of sample length [17]. This hypothesis has been
supported by the previous observation of the effect of L0 on the
magnetization process in Co-based and Fe-based amorphous wires
[18]. It has been shown that the spontaneous magnetic bistabil-
ity of these wires is lost when the sample length becomes less
than the critical length (L < L0). In this case, the authors have
attributed the loss of magnetic bistability to the influence of
shape anisotropy, where for short wires the demagnetizing field
became large enough to overcome the original domain structure
of the sample [18]. Such modification in the domain structure
near the extremities of the sample can result in variation in GMI
features with respect to change in sample length. The decrease
of GMI with decreasing L for the cases of Fe-based nanocrys-
talline wires [11] and Co-based amorphous ribbons [12–14] can
be attributed to the formation of closure domain structures due
to the demagnetization effect, when the measured sample length
is less than the critical length, L < L0. On the other hand, the
increase of GMI effect with decreasing L for the case of Co-based
microwires reported by Phan et al. [17] can be reconciled with
the fact that the measured sample length is larger than the criti-
cal length, L > L0. For practical applications in sensors and actuators
based on GMI effect, there is an emerging need for a clear under-
standing of the sample length dependence of GMI in a single
material.

We present here a comprehensive study of the influence of
sample length (L = 2, 5, 8, and 10 mm) on the GMI effect and
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magnetic sensitivity parameter (�) (to be defined in the next sec-
tion) in Co69Fe4.5Ni1.5Si10B15 amorphous ribbons over a frequency
range of 0.1–10 MHz. Our studies show that there exists a critical
length (L0 ∼ 8 mm) in the Co69Fe4.5Ni1.5Si10B15 amorphous ribbons,
for which the largest GMI and � are achieved. Below the critical
length (L < L0), the GMI and � decrease with decreasing L, result-
ing from the possible formation of closure domain structures near
the ends of the sample governed by the demagnetization effect.
Above the critical length (L > L0), the increase of GMI effect and
� with decreasing L can be attributed to the decrease of elec-
trical resistance. We also find that the critical frequency (f0), at
which the maximum GMI and � are achieved, reaches the largest
value for samples with L = L0 and shifts to lower values for samples
with L < L0 and L > L0. These findings point to the importance of the
geometrical dimensions of samples and provide some insights for
optimizing the GMI effect in highly sensitive GMI-based magnetic
sensors.

2. Experimental

Amorphous Co69Fe4.5Ni1.5Si10B15 ribbons with a width of 1 mm
and a thickness of 16 �m were prepared by the melt-spinning
method. In this technique, the purity elements were firstly put
in a quartz crucible, evacuated to a high vacuum state, then filled
the crucible with highly purified argon and melted them at appro-
priate temperature in 5 min. The obtained ingots with a certain
composition were then put into a quartz tube orifice and melted
by heated high frequency induction coils wound around the tube.
The jet located distance from the surface of cooling copper drum
∼0.3 mm with a sloping angle � ∼ 1–2◦. Under pressure (∼0.2 MPa),
a jet of the molten alloy was injected from the orifice into the sur-
face of a cooling copper wheel, which was rotating at a longitudinal
speed of 30 m s−1 in Ar. The width and thickness of amorphous
ribbon was controlled by tuning the dimensions of the orifice, the
drum velocity, and the injection pressure. The amorphous nature of
the as-quenched ribbons was examined by X-ray diffraction (XRD)
and the atomic percentages of the elements were established by
inductive coupled plasma spectroscopy [19]. The surface topogra-
phy of the ribbon sample was analyzed using a Digital Instruments
Dimension 3100 Atomic Force Microscope. The ribbon samples of
different lengths of L = 2, 5, 8 and 10 mm were used for the present
study. These samples were from the same ribbon length. Field
dependent magnetization (M–H) measurements were performed
at room temperature using a Physical Property Measurement Sys-
tem (PPMS) from Quantum Design. In these measurements, the
dc magnetic field was applied parallel to the ribbon plane and in
the longitudinal direction of the ribbon. Magnetoimpedance mea-
surements 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. The Helmholtz
coil (diameter, 30 cm) produced the dc magnetic field (Hdc) that
is perpendicular to the ac magnetic field (Hac) generated by the
applied ac current. The Helmholtz coil was designed and fabri-
cated in-house and was calibrated for the field produced against
the applied current. A power supply (Kepco Instruments) was used
to source the dc current in the Helmholtz coil to generate the
desired magnetic field. An impedance analyzer (HP4192A) was
used in the four-terminal contact mode to measure the absolute
value of the impedance (Z) of the sample at room temperature. A
low-noise, shielded accessory test lead (Agilent 16048G) was used
to connect the sample to the impedance analyzer. All the electronic
instruments were controlled using LabView. A schematic diagram
of the magnetoimpedance measurement system is described in
Fig. 1.

From the measured impedance, the percentage change of mag-
netoimpedance (i.e., the GMI ratio) with applied magnetic field is

Fig. 1. Schematic view of the experimental method for measuring GMI.

expressed as

�Z

Z
(%) = 100% × Z(H) − Z(Hmax)

Z(Hmax)
(1)

, and the dc magnetic field sensitivity of GMI as

� = 2 × [�Z/Z(%)]max
�H

, (2)

where Hmax is the maximum applied dc magnetic field to saturate
the impedance of the ribbon. �H is a measure of the full width at
half maximum (FWHM). These two parameters are the main figures
of merit that we monitor for the series of samples measured and
on which the analysis of the sensor response can be determined.

3. Results and discussion

Fig. 2 shows the XRD pattern of the Co69Fe4.5Ni1.5Si10B15 as-
quenched ribbon. It is clear that the pattern exhibited only one
broad peak around 2� = 45◦, which is often known as a diffuse halo,
indicating that the sample prepared is nearly amorphous in nature.

Fig. 3 shows the AFM images of the surface topography of the
Co69Fe4.5Ni1.5Si10B15 amorphous ribbon sample for both surfaces.
Herewith the free surface of the ribbon was that had no contact
with the surface of the copper wheel (see the upper panel of Fig. 3)
and the wheel-side ribbon surface was that had direct contact with
the surface of the copper wheel (see the lower panel of Fig. 3). The
AFM image indicates the distribution of protrusions with very high
and uniform density for the free surface of the ribbon, unlike in
the case of the wheel-side surface of the ribbon. The root mean

squared (rms) surface roughness (Rq = (1/n2)
√∑n

i=1z2
i
, where z

Fig. 2. The XRD pattern of the Co69Fe4.5Ni1.5Si10B15 as-quenched amorphous ribbon.
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