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ABSTRACT Complex impedance measurements in the 1 kHz–
10 MHz frequency range have been performed on CoFeSiB rib-
bons, subjected to different annealing treatments in order to
modify their magnetic properties. The different impedance re-
sponses as a function of the applied magnetic field are explained
by the magnetization processes that take place in the ribbons at
different selected frequencies. In particular, an evolution from
domain wall to spin rotation is observed in the 50 kHz–2 MHz
frequency range, modulated by the changes introduced by the
annealing treatments.

PACS 75.30.Gw; 75.50.Kj; 75.60.Ch; 75.60.Nt; 81.05.Kf

1 Introduction

The magneto impedance (MI) effect is a large
change of impedance that occurs in a ferromagnetic mate-
rial when it is submitted to a magnetic field, and when an ac
current is flowing through the sample. This behaviour is due
to the skin effect, that at high frequencies (above 10 kHz),
changes the current distribution inside the sample. As this
skin effect depends on the magnetic properties of the material
through the magnetic permeability, it can be understood that it
is strongly influenced by magnetic fields, tensile and torsional
stresses, annealing treatments, or other factors that change the
domain structure and magnetic properties of the material.

The MI effect has been observed in soft magnetic mate-
rials of all geometries, ribbon, film or wire shaped amorph-
ous and nanocrystalline materials [1–4]. Attention is paid to
materials showing large responses of MI, but since the MI
effect presents a large sensitivity to magnetic field, and to
tensile or torsion stresses, it can also be used as a research
tool for evaluating some magnetic properties of materials, like
the anisotropy field, magnetostriction or magnetization pro-
cesses [5, 6].

Amorphous ribbons show a MI effect, which depends on
the magnetic properties of the samples. The saturation mag-
netostriction coefficient is a key parameter to obtain a large
impedance response [7], and it can be controlled by the sam-
ple composition. High permeabilities are advisable in order to
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get good responses as well. A further annealing treatment of
the as-quenched ribbons leads to changes in these properties,
and enables the tailoring of the MI response. The behaviour of
the impedance also gives information about the magnetization
processes that take place in the material.

2 Experimental Techniques

We have employed Co66Fe4Si12B18 alloy ribbons
obtained by the melt spinning technique. Samples denoted
as “M1” were submitted to an annealing treatment at 400 ◦C
during 1 hour with an applied tensile stress of 350 MPa. Sam-
ples assigned as “M2” were stress-annealed at 400 ◦C with an
applied tensile stress of 300 MPa and afterwards they were
submitted to a relaxation treatment at 400 ◦C during 1 hour.
The samples have a cross-section of 0.5 × 0.0198 mm2 and
a 10 cm length. The hysteresis loops showed a saturation mag-
netization of 0.58 T for both samples. The saturation mag-
netostriction coefficients obtained by the SAMR technique
were 3 ×10−7 and 4.1 ×10−7 for the M1 and M2 samples,
respectively, which are close to zero values, characteristic of
materials with a good MI response.

MI measurements were carried out in a system which in-
cludes an HP 4192 A impedance analyzer with a 100 Hz–
13 MHz frequency range, and a 300-turn solenoid powered by
a dc source allowing dc fields up to 80 Oe.

The samples were carefully clamped and their real and
imaginary components of impedance were determined. Fre-
quency was chosen in the range 1 kHz–10 MHz, where mag-
netization processes by domain wall displacement and mag-
netization rotation can take place. A solenoid was used to
apply a magnetic field up to 20 Oe along the axis of the rib-
bons.

3 Results and discussion

The complex impedance can be written as Z =
Z ′ + jZ ′′, where j = (−1)1/2, where Z ′ and Z ′′ are the real and
imaginary components of impedance, respectively, directly
obtained from the impedance analyzer.

The real part of impedance is related to the sample electri-
cal resistance, and the imaginary component is related to the
inductance, and therefore to the magnetic permeability. The
dependence of these components with the applied magnetic
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field in the axial direction has been studied in the samples, for
several values of the drive current frequency.

At low frequencies the magnetization processes due to do-
main wall movements are expected to dominate the response.
At a certain value of frequency, the relaxation frequency fx,
the domain walls become unable to follow the driving field,
and the dominant magnetization process is the moment rota-
tion. The relaxation frequencies of the ribbons M1 and M2 are
400 and 300 kHz, respectively [8].

The evolution of the MI peaks is evident in Figs. 1 and 2.
Figure 1 shows the real and imaginary components of the
impedance in the stress annealed sample M1, for three se-
lected values of the frequency. At low frequencies (50 kHz)
both components of impedance show three well defined
peaks. A central peak, which is related to the domain wall dis-
placements, exhibits a more important contribution in the real
part. Two symmetric peaks at around the anisotropy field of
the sample have been related to the magnetization processes
that take place by moment rotations. These peaks are higher
in the imaginary component of impedance.

As the frequency increases (100 kHz), the central peak
shows some hysteresis in these samples, due to the hysteretic
character of the domain wall displacements, and it decreases
its size, although the symmetric peaks at the anisotropy field
increases. At a frequency of 2 MHz the domain walls are
damped, the central peak has disappeared, and the impedance
shows the characteristic two-peak structure.

Figure 2 shows the frequency evolution of the MI real
and imaginary components in the M2 sample, that was stress-
relaxated before it was stress-annealed. The existence of
a central peak is not very clear in the resistance at 50 kHz, in
the lower frequency range. At this frequency, only a shoulder
appears in the reactance, together with the two peaks close to
the anisotropy field. The shoulder is smaller at the frequency

FIGURE 1 Complex impedance of M1 sample (400 ◦C, 350 MPa) as
a function of the increasing and decreasing magnetic field. The first column
is the real part and the second the imaginary part of impedance

FIGURE 2 Resistance (first column) and reactance (second column) as
a function of the increasing and decreasing magnetic field for the M2 sample
(stress-relieved after an annealing treatment) and for three selected values of
the drive current frequency

of 100 kHz, and at 2 MHz, only the two-peak structure can
be observed in both parts of the complex impedance. This
sample shows much less hysteresis than the stress annealed-
sample [8], due to a decreased number of the pinning centers,
and a better induction of a transversal anisotropy after the
stress-relaxation procedure.

At low frequencies the magnetization processes take place
by domain wall movement. The reversible bulging of pinned
domains is active at low frequencies [9, 10], below the relax-
ation frequency, fx, (400 kHz for M1 and 300 kHz for M2), as
it can be seen in Figs. 1 and 2 for both samples. The central
peak disappears at higher frequencies (2 MHz). The reduc-
tion of pinning centres in the M2 sample, due to the previous
stress-relief treatment, reduces the central peak in the MI re-
sponse.

The presence of more than two maxima in MI plots can
be attributed to the fact that these measurements were carried
at frequencies close to the domain wall relaxation frequency.
For very low frequencies (a few decades below fx), a single
peak is observed in impedance measurements in transverse
anisotropy wires [11]. This behaviour is associated with the
damping of domain wall movements under the dc field [12].
In contrast, at high frequencies (a few decades above fx), the
dominant magnetization process is spin rotation, and a double
peak plot appears as a consequence of the increase in spin ro-
tation as the dc field approaches the anisotropy field. At this
point, the spin rotation axis change from the transverse to the
longitudinal direction.

Our results show, therefore, this transition between do-
main wall and spin rotation processes; due to its higher relax-
ation frequency, the central peak in M1 plots is more evident
(Fig. 1) and remains at higher frequencies than in M2 plots
(Fig. 2). The evolution of the impedance response is more ev-
ident in Z ′′ plots in both cases, probably due to the direct
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correlation between imaginary impedance and real permea-
bility. The changes observed on Z ′ exhibit also the effects of
the skin depth decrease, since Z ′ is associated with the resis-
tive part of impedance.

The two-peak structure shows some peaks around the
anisotropy field of the samples. The anisotropy field of the
samples were obtained from the hysteresis loops, measured
by a conventional induction technique. The anisotropy field of
the M1 and M2 samples are 5 Oe and 4 Oe respectively. These
values correspond to the reactance peaks at low frequencies.
The reactance is related to the magnetic permeability, and
reflects the magnetic behaviour of the samples. At higher fre-
quencies the peaks of both, resistance and reactance, moved
to somewhat higher values, due to the skin effect, that shields
the inner part of the ribbons, and has been related to a higher
anisotropy of the outer shells of the ribbons [6]. This shift is
very small, of no more than 1 Oe.

After performing a stress-annealing treatment, a trans-
verse induced anisotropy is developed in Co-rich amorphous
ribbons. This induced anisotropy has three components of
different origin: anelastic and plastic anisotropies, and the
anisotropy arising from residual internal stresses. The satura-
tion magnetostriction coefficient increases with the annealing
treatment. The magnetization processes in this sample (M1)
are domain wall displacement and rotations, which are irre-
versible, producing some hysteretic behavior, as can be seen
in Fig. 1, even in the higher frequency range (resistive com-
ponent, at 2 MHz).

When a further stress-relief is done to the samples (M2),
the hysteretic central peaks of the sample M1 disappear, as
can be observed in Fig. 2. This treatment results in a decrease

in the anisotropy field, decreasing the anelastic component of
the anisotropy, as well as the wall pinning centres. The con-
tribution from the reversible magnetization processes is then
dominant.

As a conclusion, we have shown the effects of differ-
ent stress-annealing processes on the impedance response
of amorphous CoFeBSi ribbons. By carrying out measure-
ments at frequencies about the domain wall relaxation fre-
quency, it was evident the evolution from the one-peak do-
main wall damping to the two-peak, change of spin rotation
axis processes.
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