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a  b  s  t  r  a  c  t

In  the  present  work,  we  have  studied  the  low  field  absorption  (LFA)  at 9  GHz  of  a set  of  Co-based  glass-
coated  microwires  in the  presence  of  tensile  stresses  along  the  wire  axis.  The  results  reveal  that  the
absorption  profiles  bear  valve-like  features  associated  with  microwave  magnetoimpedance  effect.  The
stress  applied  along  the  wire  axis  compensates  the  reverse  effect  of  magnetic  field  on  absorption.  The
peak  shown  in  the  derivative  LFA  spectra  becomes  wider  with  increasing  stress  and  moves  to  higher
field,  corresponding  to  the  magnetization  process.  A  larger ratio  of  metal  to  total  diameter  was  found
to  be  favorable  to microwave  absorption  due  to the smaller  anisotropy  and  also  gave  rise  to  a larger
morphous glass-coated microwires
icrowave

ACS:
5.50.Kj
6.50.+g

magnetostriction  constant.  The  influences  of  stress/magnetic  field  on  the  absorption  as  well as  the  shift
of feature  stress  with  wire  geometry  were  discussed  in the  context  of  an  effective  microwire-based  sensor
design.  Calculations  of  magnetostriction  constant  by the  derived  field  dependence  of  anisotropy  field  were
also performed  to demonstrate  the  usefulness  of  stress  tunable  microwave  absorption  characteristics  as
a research  tool.

© 2011 Elsevier B.V. All rights reserved.

5.80.+q

. Introduction

Co-based amorphous glass-coated microwires (AGCMs) have a
nique circular magnetic anisotropy due to coupling between the
egative magnetostriction and frozen-in stress. Such anisotropy

s important to realize a large and sensitive magnetoimpedance
MI) effect for applications in miniature magnetic sensors [1–3].
he MI  effect refers to a strong variation in the high frequency
mpedance of a magnetic conductor subject to a small dc magnetic
eld, which is observed at frequencies when the skin effect is strong
i.e., skin depth is small). Based on the frequency range, it can be
lassified into three regions [4–6]: (i) at a relatively low-frequency
ange of a few hundred kHz to MHz, the change of impedance is
ainly due to circular domain wall dynamics; (ii) at the interme-

iate frequency range from a few MHz  to a few hundred MHz, the
omain wall motion is strongly damped and the rotational pro-
esses mainly contribute to the ac permeability and impedance

hange; (iii) at frequencies of the GHz range where ferromagnetic
esonance (FMR) occurs, the rotational permeability becomes less
ensitive to the field and the impedance change is related to the

∗ Corresponding author at: Lab-STICC, Université de Brest, CS 93837, 6 Avenue Le
orgeu, 29238 Brest Cedex 3, France.
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concomitant absorption occured at low fields. It should be noted
that MI  differs essentially from FMR  as the former is a classical
electromagnetic phenomenon whilst the latter can be understood
by quantum mechanics [7].  Yet when FMR  happens, the absorption
at low fields can also be observed, this low field absorption (LFA) is
strongly correlated to MI.  Both phenomena depend intimately on
the magnetic anisotropy determined by the domain configuration
[8].

The high-frequency absorption behavior of amorphous fer-
romagnetic materials, among others, is of considerable interest
from the application point of view [9,10].  Amorphous magnetic
microwires were initially advanced for absorption of electromag-
netic radiation. Their intriguing high-frequency properties also
make them very appealing for sensing elements, radiofrequency
applications, etc. Valenzuela et al. [11] pointed out that increasing
temperature encouraged the structural relaxation in Ni–Zn ferrite
and consequently a gradually narrower peak in the LFA profiles
was  spotted. An abrupt change of linewidth occurred at Curie tem-
perature whereby the electron paramagnetic resonance took place.
Montiel et al. [12] elucidated the influence of microwire geome-
try on the microwave absorption behavior of CoFeBSi microwire.

They found out that a lower metal-to-glass ratio was in favor of
anisotropy field corresponding to a shift of absorption peak to
higher field. Medina et al. [13] pinpointed the impact of magnetic
field orientation on the absorption signal and demonstrated the

dx.doi.org/10.1016/j.jallcom.2011.07.051
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Schematic diagram of the SNA assembly and the inset shows the mode of tensile stress application on the measured microwire.

Table  1
The geometrical parameters, absorption under zero magnetic field (|A|0) and 7 Oe
(|A|)  measured at 9 GHz with applied stress of 300 MPa.
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dependence of absorption at four featured magnetic fields. Inter-
estingly, at field as small as 0.75 Oe, the stress has an insignificant
influence on the absorption. But with increasing field, the absorp-
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ositive effect of magnetic field along the easy axis of an amorphous
ibbon. In another aspect, the role of stress on the GMI  properties as
ell as stress-impedance effect have been extensively investigated

see, e.g. [14–16]). As the stress is critical in modifying the magne-
oelastic behavior of microwires, it would be of strong interest to
tudy the absorption features conditioned by the stress at gigahertz
requencies. The results obtained can serve as a guide for investi-
ating the microwave properties of microwire composites of much
nterest.

In this context, we have conducted a study of stress tunable
ehavior at microwave frequency of a set of Co-based microwires
t 9–10 GHz. The LFA spectra show a strong sensitivity of absorption
o the applied stress.

. Experimental

Soft magnetic amorphous glass-coated microwires of
o67Fe3.9Ni1.4B11.5Si14.5Mo1.7 with different geometrical parameters were fab-
icated by a modified Taylor–Ulitovskiy method [17]. The metallic core diameter
nd  the glass thickness of the microwires were measured by scanning electron
icroscopy (SEM). The geometrical parameters of the microwires (the metallic

ore diameter (d), the glass thickness (t), and the metal-to-total diameter ratio
p  = d/(d + 2t)) are summarized in Table 1. These microwires possess good soft

agnetic properties owing to the nearly zero and negative magnetostriction
� ∼ −10−7). The reflection loss was measured by transmission line method using

 modified scalar network analyzer assembly (SNA) as schematically shown in
ig. 1. The studied wire with 1 cm excited length, which excludes the multi-mode
esonances, was placed in front of metallic short and perpendicular to the geomag-
etic field. The inset of Fig. 1 illustrates the way  of applying tensile stress to the
icrowire within the sample holder. More details about the setup can be found

lsewhere [18]. Note that in the present geometry, the reflection coefficient is not
ensitive to the wire displacement.

. Results

Fig. 2 depicts the field dependence of absorption of wire A at var-
ed stresses ranging from 37 MPa  to 1263 MPa. When stress is no

ore than 371 MPa, the absorption shows strong field dependence
nd the applied field increases the absorption till saturation in anal-
gy to the valve-like GMI  profiles [19]. At � = 743 MPa, the single

eak feature becomes obscured with the less influence of mag-
etic field. When applied stress reaches 1114 MPa  and 1263 MPa
he absorption becomes almost independent of magnetic field. At
iffering magnetic fields, the stress exerts different influence on
Fig. 2. Axial field dependence of absorption in presence of varying stress at 9 GHz
for wire A.

the absorption. To better understand the impact of stress and mag-
netic field on the absorption, we plot Fig. 3 to show the stress
0 200 400 600 800 1000 1200 1400

Tensile stress, MPa

Fig. 3. Tensile stress dependence of absorption at varying magnetic fields for wire A.
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ig. 4. Axial field dependence of derivative absorption in presence of varying stress
t  9 GHz for wire A.

ion becomes more stress independent. A maximum absorption is
bserved for all curves at 297 MPa.

In the derivative absorption profiles (Fig. 4), the absorption
eaks are found to become wider and shift to a higher magnetic
eld with increasing applied tensile stress. When the stress reaches
43 MPa, the peak is cancelled. As the peak-to-peak distance in an
bsorption curve is approximated twice the anisotropy field (Hk)
8], the anisotropy field is then derived as a function of stress as
llustrated in Fig. 5. The fitting curve is performed with a second-
rder polynomial of the form Hk = a�2 + b� + c, where a, b, c are
onstants.

The absorption spectra and corresponding derivative profiles of
he other two wires (wire B and C) with different diameters are
resented in Figs. 6 and 7. The absorption at zero magnetic field
eaches 46% and 50%, respectively, which is around 20% larger than
hat of wire A. To clearly illustrate the influence of wire geometry
n the absorption, we plot Fig. 8 to show the stress dependence of
bsorption at 7 Oe. The absorption increases with ratio of metal to
otal diameter p. Interestingly, the feature stress, where an abrupt
ncrease of absorption occurs, is observed for all three wires and it
hifts to higher value for wire C with p = 0.938. At c.a. 300 MPa, when

omparing the absorption for H = 7 Oe with that for zero magnetic
eld, the absorption reduction for wire C is twice that of the other
wo wires, as given in Table 1.
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Fig. 5. Applied stress dependence of anisotropy field for wire A.
Fig. 6. Axial field dependence of absorption (a) and derivative absorption profiles
(b)  in the presence of varying stress at 9 GHz for wire B.

Fig. 9 summarizes the evolution of anisotropy field with stress
for all three wires; curves are fitted in the same way as those in
Fig. 5. The value of constant b is slightly decreased with increasing
p, indicating a reduction of magnetostriction. The inset of Fig. 9
shows derived Hk(p) relationship at 300 MPa. The anisotropy field
is also decreased with increasing p.

4. Discussion

4.1. Low field absorption of the microwire

The absorption constant of the microwire, by definition can be
expressed as the reciprocal of skin depth associated with electri-
cal resistivity (�), circumferential magnetic permeability (�) and
frequency (f) via the following formula [20]:

˛ = 1
ı

=
√

�f�

�
(1)

where � is dependent on the susceptibility (�) and the angle (�)
between magnetization vector and the wire axis, formulated as
[19]:

� = 1 + 4� cos2(�)� (2)
The application of magnetic field along the wire axis increases
the circumferential magnetic permeability by rotating the mag-
netization vector towards the wire axis and hence the absorption
constant as the external field is below anisotropy field. On the other
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ig. 7. Axial field dependence of absorption (a) and derivative absorption profiles
b)  in the presence of varying stress at 9 GHz for wire C.

and, when a stress is applied along the microwires with a nega-
ive magnetostriction, the magnetization vector rotates away from

he axis direction when possible. As a result, the circumferential

agnetic permeability is decreased and hence the absorption is
educed according to Eq. (1) [14]. It is expected, therefore, that
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ig. 8. Stress dependence of absorption for three wires with different geometry. The
rrows indicate the feature stress for three samples, respectively.
Fig. 9. Stress dependence of anisotropy field Hk for three wires with different geom-
etry. The inset shows p dependence of Hk at 300 MPa.

the application of longitudinal stress will compensate the effect
of the magnetic field. This is evidenced by Fig. 3. The influence of
stress is more obvious with the increasing magnetic field. The max-
imum applied stress of 1263 MPa  encourages the absorption back
to the original value by offsetting the effects of magnetic field. The
magnetic field along the wire axis is desirable for the absorption
of microwires and can also be utilized to increase the stress sen-
sitivity of absorption. Upon analyzing the data in Fig. 3, it can be
obtained the sensitivity of absorption to stress (the ratio of the vari-
ation of absorption to that of corresponding stress) increases by c.a.
39 times when the field increases from 0.75 to 15 Oe. This is of great
significance in designing wire-based stress sensor.

The derivative profiles of low field absorption (Fig. 4) afford us
a compelling revelation of the stress impact on the absorption, as
the shape of the peak is correlated to the magnetization process
[11]. The field where the peak occurs can then be estimated as
anisotropy field. That the peak (as indicated by the arrow in Fig. 4)
becomes wider and shifts to higher field with stress indicates the
reduction of soft magnetic property and hence the circumferen-
tial permeability, which again confirms the relationship between
longitudinal stress and absorption as discussed above. Note that
when � ≥ 743 MPa, the magnetoelastic behavior of the microwires
are profoundly modified, and the absorption and anisotropy field
tend to be independent of applied magnetic field. This indicates
a saturation of longitudinal impedance due to the excessive stress.
This is very illuminating when it comes to the sensor design. Specif-
ically, the service condition in terms of the external stress has to be
accounted when the microwire is designed for a field sensor.

The usefulness of low field absorption as an effec-
tive research tool is demonstrated in Fig. 5. Using the
fitted equation, we  can calculate the magnetostriction
constant [21]. As �s = − (�0Ms/3)(dHk/d�), we  can then
obtain �s = − (�0Ms/3)(2a� + b). Thus, the unstressed value
of the magnetostriction, denoted as �s,0, can be given by
�s,0 = − (�0Ms/3)b. Following these calculations, we have deter-
mined �s,0 = − 2.8 × 10−7. In addition to being a tool to estimate
the magnetostriction constant, it can also serve as a probe into
the magnetization mechanism of the microwires. Therefore, the
absorption can be instrumental to a host of relevant magnetic
studies.
4.2. Effects of metal-to-total diameter ratio on LFA

Let us first recall that the Co-based microwire consists of inner
core with axial anisotropy and outer shell with circular anisotropy
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n terms of domain structure [4].  As proposed by Antonov et al., the
agnetic properties are determined by the magnetoelastic inter-

ctions, which are mainly governed by the frozen-in stress induced
uring fabrication process. The anisotropy field can be determined
y the following equation [22]:

k = 3�s

Ms

(
�Z Z − �		 + 1

(1 − k)p2 + k�

)
, (3)

here �zz, �		 represent the residual stress component in the
xial and azimuthal direction, respectively; �zz denotes the average
pplied axial stress. k is the metal-to-glass ratio of Young’s moduli.
s the difference between �zz and �		 decreases with decreasing

 and the Young’s modulus of metallic core is almost twice that of
lass coat, the anisotropy field therefore decreases with increas-
ng p. In addition, increasing p would also give rise to a decreased
nisotropy angle (the angle between the magnetization easy axis
nd the wire axis) due to the reduced internal stress. Thus, the
bsorption is improved with increasing p. This is fully consistent
ith our previous reports on the effect of metal-to-diameter ratio

n GMI  [23].
The shift of feature stress for wire C (Fig. 8) can also be explained

y the relatively ill-defined anisotropy owing to the very large
. A much larger stress proves to be necessary to induce the
hange of anisotropy and hence the absorption. Likewise, a larger
eld sensitivity of absorption for wire C can be attributed to the

act that the magnitude of the anisotropy field determines that
f the external field needed for driving the magnetization vec-
or rotating towards the longitudinal axis, which is desirable for
bsorption.

The magnetostriction constant is generally decreased with the
tress, according to �s = �s,0 − A� [24,25],  where �s,0 is the satura-
ion magnetization at zero tensile stress. A is a positive coefficient
usceptible to thermal treatments. �s,0 should be the same for all
hree wires with the same composition. But using the same method
s did for wire A, one can determine the magnetostriction con-
tant, −1.8 × 10−7 and −0.9 × 10−7 for wire B and C, respectively.
his can be attributed to the fact that more residual stress is intro-
uced during the fabrication process with decreasing p [23] and
hereby reduced the magnetostriction constant to a relatively larger
xtent. All these results suggest the significance of wire geometry
n the absorption and related properties. The principles general-
zed herein can be exploited for an optimized design of wire-based
ensors. In order for an effective stress/field sensing in certain
tress/field range, for instance, the wire geometry should be care-
ully evaluated and selected in terms of the behaviors discussed
bove.

. Conclusions
The stress influence of low field absorption behavior at 9 GHz
as been thoroughly discussed. It is shown that the peak in the
erivative LFA profiles becomes wider and shifts to a higher field
ith increasing applied tensile stress along the wire axis, indicat-

[

[

pounds 509 (2011) 9508– 9512

ing a reduced soft magnetic property. The stress tunable LFA spectra
have been adopted to measure the magnetostriction constant via
the derived stress dependence of anisotropy field. A larger ratio of
metal to total diameter is found to benefit microwave absorption
due to the decrease of anisotropy and also gives rise to a larger mag-
netostriction constant. The shift of feature stress corresponding to
an abrupt change of absorption with the wire geometry offers a
guide for an optimized wire-based sensor design.
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