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a b s t r a c t

Electrical resistivity, magnetic (saturation magnetization and switching field of the magnetic bistability)
and magnetoimpedance measurements are reported in cold-drawn amorphous Fe77.5B15Si7.5 thin wires of
14 �m diameter. Such measurements have been performed in the thin wire treated by current annealing.
Electrical resistivity dependence with the intensity of the current flowing along the thin wire shows a deep
decrease around 70 mA ascribed to the crystallization process. Dependence curve of the magnetization
ACS:
5.50 Kj
5.80+q

eywords:
hin wires

with the intensity of the current presents a change of slope at 40 mA which is ascribed to the nucleation of
grains. Unusual dependence of switching field on applied stress exhibits a decrease of the switching field
with the external stress in the as-prepared cold-drawn and post-treated thin wire. Magnetoimpedance
ratio evolves from one to two peaks response increasing the frequency. Observed dependences interpreted
taking into account strong internal stresses induced by the cold-drawn process.

© 2009 Published by Elsevier B.V.

agnetic softness
evitrification

. Introduction

Nowadays, recent tendency in the miniaturization of devices
o be used in different strategic industrial sectors (i.e., electron-
cs, telecommunications, computers with more and more capacity
f memory and speed of read and write,. . .) has produced a spec-
acular progress in the science and engineering of materials. In
act, advanced materials displaying fascinating magnetic properties

ith extremely low dimensions are of great interest for tech-
ological applications. Consequently, materials of different kinds
atisfying those requirements have been developed and thoroughly
nvestigated in the last recent years. In this context, wire-shaped

aterials with very small diameter that additionally exhibit excel-
ent magnetic behaviour can be considered as a very promising
andidates to cover such applications, paying special attention
o the possibility for reducing the diameter from some hundreds

icrons (thin wires) down to a few nanometers (nanowires). Sev-
ral technical approaches have been proposed for the preparation
nd processing of magnetic wires, such as non-equilibrium, rapid
uenching, electroplating, or lithographic technologies [1–4].
On the other hand, soft magnetic amorphous and nanocrys-
alline alloys have attracted a great interest because such materials
re very adequate materials to investigate fundamental aspects
oncerning the mechanisms governing their macroscopic mag-
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netic properties. Among them thin wires with reduced geometrical
dimensions (20 �m in diameter) could present special importance
regarding industrial applications. With respect to their magnetic
behaviour the bistability is one of the most interesting phenomena
observed mainly in amorphous wires. This phenomenon is related
with the single and large Barkhausen jump observed at certain con-
ditions (for an applied magnetic field so-called “switching field”,
Hsw), between two remanent states [5,6]. Other important effect
discovered in amorphous wires in 1994 [7,8] is the giant magne-
toimpedance effect (GMI). This GMI effect is largest in amorphous
wires with vanishing magnetostriction constant (up to 300–600% of
change in the GMI ratio) and consists of magnetic field dependence
of the electrical impedance Z of an amorphous and nanocrystalline
ferromagnetic material (ribbon or wire). Such dependence is mainly
determined by the magnetic domain structure and also related with
the microstructure, elastic properties, magnetostriction and atomic
mobility which allow magnetic anisotropy to be induced in some
specially chosen alloys [9,10].

In this work we present a study on magnetic and transport prop-
erties of the cold-drawn amorphous Fe77.5B15Si7.5 thin wire with
14 �m of diameter, which can be considered as an extension of
a previous work [11], where a similar study was reported for the
cold-drawn thin wire of 50 �m with the same composition.
2. Experimental details

Amorphous Fe77.5B15Si7.5 thin wires of 125 �m diameter were obtained by the
in-rotating water technique (rapid solidification) and after a post-processing of cold-
drawn its diameter was reduced down to 14 �m. Pieces of 10 cm in length of the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:arkadi.joukov@ehu.es
dx.doi.org/10.1016/j.jallcom.2008.05.111
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4 �m diameter wire were cut to perform electrical resistivity, magnetic and mag-
etoimpedance measurements. The samples were submitted to thermal treatments
y means of the current annealing technique (intensity ranging 0–80 mA) [12,13].
tructural information has been obtained from the thermal dependence of the elec-
rical resistance using the four points method and magnetization versus temperature

easurements (the increase of the temperature inside sample is obtained by flowing
he electrical current). Hysteresis loops of the thin wires were obtained by a con-
entional induction method. Giant magnetoimpedance effect, GMI, at frequencies
p to 500 MHz has been measured in both as-prepared state and after annealing.

. Experimental results and discussion

.1. Electrical resistivity and magnetization versus intensity of the
lectric current

The evolution of the electrical resistivity (�) with the electrical
urrent intensity (I) flowing along the thin wire is presented in Fig. 1.
he electrical current produces an increase of the temperature, TX,

nside the thin wire, so this figure could be equivalent to �(T). As
an be seen, � increases with I of a consequence of a large disor-
er connected to the structural relaxation. Around 70 mA there is
significant decrease associated to the crystallization as has been
idely reported for the amorphous alloys [14].

Fig. 2 shows the variation of the saturation magnetization with
he electrical current intensity. As it has been mentioned, it could
e equivalent to the thermal dependence of the saturation magne-

ization. There is a change of tendency around 40 mA which could
e ascribed to the beginning of the crystallization (nucleation pro-
ess), appearing two phases (bcc-Fe(Si) crystalline and remaining
morphous matrix) in the thin wire after thermal treatment above
0 mA.

ig. 1. Variation of the electrical resistivity with the intensity of the electric current
owing along the Fe77.5B15Si7.5 cold-drawn thin wire of 14 �m of diameter.

ig. 2. Saturation magnetization versus intensity of the electric current flowing
long the Fe77.5B15Si7.5 cold-drawn thin wire of 14 �m of diameter.
Fig. 3. Hysteresis loops of Fe77.5B15Si7.5 cold-drawn thin wire of 14 �m of diameter
under the action of applied tensile stress.

3.2. Magnetic bistability

Hysteresis loops of the cold-drawn thin wire under the effect of
a tensile stress (�) are shown in Fig. 3, which a rectangular shape
typically of the bistable character. From these hysteresis loops the
switching field, HSW, has been evaluated as a function of the applied
tensile stress, � (Fig. 4). HSW decreases monotonously as increasing
� in similar way to that found in cold-drawn thin wire of 50 �m [11],
although the values of HSW are larger in the thin wire of 14 �m in
diameter. In the case of the thin wire of 125 �m, HSW(�) decreases at
low � values to finally achieve a minimum value and then increases
following a �1/2 law [15,16], which allows to assign a nucleation
wall mechanism at the ends of the thin wires. Such decrease of
HSW(�) results from the competition between the applied tensile
stress and the complex internal stresses with a significant com-
ponent of compressive character and the maximum applied stress
in the thin wire of 14 �m cannot overlap the internal stresses as
occurs in the thin wire of 125 �m. In addition, the tensile stress
that produce the break of the thin wire increases as the diame-
ter decreases (according to the results of the thin wire of 20, 50
and 125 �m).

Fig. 5 presents the switching field of the bistable behaviour as a
function of the mechanical tensile stress, �, of the cold-drawn thin
wire submitted to current annealing of 40 mA at different annealing
times. Similarly, HSW decreases monotonously with � in all treated

samples towards the same minimum value (around 45 MPa). The
observed decrease of the switching field when the thermal treat-
ment increases is related with the relaxation of the frozen internal
stresses with temperature.

Fig. 4. Variation curve of the switching field with the applied tensile stress of
Fe77.5B15Si7.5 cold-drawn thin wire of 14 �m of diameter.
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ig. 5. Variation curves of the switching field with the applied tensile stress of
e77.5B15Si7.5 cold-drawn thin wire of 14 �m of diameter treated at 40 mA with
ifferent annealing time.

.3. GMI Effect

The GMI ratio as a function of the applied magnetic field for
ifferent frequencies of the cold-drawn thin wire is presented in
ig. 6(a–d). To note the hysteretic dependence observed at all fre-
uencies. There is an increase of the GMI ratio with the frequency.
dditionally, the character of GMI curves changes increasing the

requency from a single peak curves (at frequency approximately
elow 30 MHz) to double peaks at high frequency (above 100 MHz),

hich can be ascribed to the circumferential magnetic anisotropy

f the surface layer. This behaviour is quite similar to that found
n the thin wire with 50 �m of diameter. The variation of the max-
mum GMI ratio reaches in each frequency is presented in Fig. 7,

ig. 6. GMI ratio as a function of the applied magnetic field for different frequencies of th
Fig. 7. Variation of the maximum GMI ratio reaches in each frequency of the cold-
drawn thin wire.

which reflects the inhomogeneity (increasing) of the circumferen-
tial anisotropy across the radius.

In Fig. 8, the magnetic field dependence of impedance of stress
annealed sample measured at 10 MHz is shown. As can be noted
from the comparison of Figs. 8 and 6 increasing of the GMI ratio
and the field of maximum take place. The observed changes can be
attributed to the induction of the transversal magnetic anisotropy
due to the stress annealing.

Concluding, dependence of the electrical resistivity and sat-

uration magnetization with the intensity of the current flowing
along the thin wire provide useful information on the crystalliza-
tion of Fe77.5B15Si7.5 cold-drawn thin wire of 14 �m. The stress
dependence of the switching field is different to that reported in

e cold-drawn thin wire: (a) 10 MHz; (b) 30 MHz; (c) 100 MHz and (d) 500 MHz.
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