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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
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
PACS: also performed to demonstrate the usefulness of stress tunable microwave absorption characteristics as
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1. Introduction

Co-based amorphous glass-coated microwires (AGCMs) have a
unique circular magnetic anisotropy due to coupling between the
negative magnetostriction and frozen-in stress. Such anisotropy
is important to realize a large and sensitive magnetoimpedance
(MI) effect for applications in miniature magnetic sensors [1-3].
The MI effect refers to a strong variation in the high frequency
impedance of a magnetic conductor subject to a small dc magnetic
field, 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
classified into three regions [4-6]: (i) at a relatively low-frequency
range of a few hundred kHz to MHz, the change of impedance is
mainly due to circular domain wall dynamics; (ii) at the interme-
diate frequency range from a few MHz to a few hundred MHz, the
domain wall motion is strongly damped and the rotational pro-
cesses mainly contribute to the ac permeability and impedance
change; (iii) at frequencies of the GHz range where ferromagnetic
resonance (FMR) occurs, the rotational permeability becomes less
sensitive to the field and the impedance change is related to the
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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
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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.
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study the absorption features conditioned by the stress at gigahertz r 1
frequencies. The results obtained can serve as a guide for investi- 28 ]

gating the microwave properties of microwire composites of much
interest.

In this context, we have conducted a study of stress tunable
behavior at microwave frequency of a set of Co-based microwires
at9-10 GHz. The LFA spectra show a strong sensitivity of absorption
to the applied stress.

2. Experimental

Soft magnetic amorphous glass-coated microwires of
Cog7Fe3 9Niq 4B115Si145Moq7 with different geometrical parameters were fab-
ricated by a modified Taylor-Ulitovskiy method [17]. The metallic core diameter
and the glass thickness of the microwires were measured by scanning electron
microscopy (SEM). The geometrical parameters of the microwires (the metallic
core 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
magnetic properties owing to the nearly zero and negative magnetostriction
(A~ —=1077). The reflection loss was measured by transmission line method using
a modified scalar network analyzer assembly (SNA) as schematically shown in
Fig. 1. The studied wire with 1cm excited length, which excludes the multi-mode
resonances, was placed in front of metallic short and perpendicular to the geomag-
netic field. The inset of Fig. 1 illustrates the way of applying tensile stress to the
microwire within the sample holder. More details about the setup can be found
elsewhere [18]. Note that in the present geometry, the reflection coefficient is not
sensitive to the wire displacement.

3. Results

Fig. 2 depicts the field dependence of absorption of wire A at var-
ied stresses ranging from 37 MPa to 1263 MPa. When stress is no
more than 371 MPa, the absorption shows strong field dependence
and the applied field increases the absorption till saturation in anal-
ogy to the valve-like GMI profiles [19]. At o =743 MPa, the single
peak feature becomes obscured with the less influence of mag-
netic field. When applied stress reaches 1114 MPa and 1263 MPa
the absorption becomes almost independent of magnetic field. At
differing magnetic fields, the stress exerts different influence on
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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
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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Fig. 3. Tensile stress dependence of absorption at varying magnetic fields for wire A.
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Fig. 4. Axial field dependence of derivative absorption in presence of varying stress
at 9 GHz for wire A.

tion becomes more stress independent. A maximum absorption is
observed for all curves at 297 MPa.

In the derivative absorption profiles (Fig. 4), the absorption
peaks are found to become wider and shift to a higher magnetic
field with increasing applied tensile stress. When the stress reaches
743 MPa, the peak is cancelled. As the peak-to-peak distance in an
absorption curve is approximated twice the anisotropy field (Hy)
[8], the anisotropy field is then derived as a function of stress as
illustrated in Fig. 5. The fitting curve is performed with a second-
order polynomial of the form Hj=ac?+bo +c, where a, b, ¢ are
constants.

The absorption spectra and corresponding derivative profiles of
the other two wires (wire B and C) with different diameters are
presented in Figs. 6 and 7. The absorption at zero magnetic field
reaches 46% and 50%, respectively, which is around 20% larger than
that of wire A. To clearly illustrate the influence of wire geometry
on the absorption, we plot Fig. 8 to show the stress dependence of
absorption at 7 Oe. The absorption increases with ratio of metal to
total diameter p. Interestingly, the feature stress, where an abrupt
increase of absorption occurs, is observed for all three wires and it
shifts to higher value for wire C with p=0.938. At c.a. 300 MPa, when
comparing the absorption for H=7 Oe with that for zero magnetic
field, the absorption reduction for wire C is twice that of the other
two wires, as given in Table 1.
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Fig. 5. Applied stress dependence of anisotropy field for wire A.

0'58:'|"'|"'|"'|"'|"'|"'|'

0.57 F
b N—‘tiit*“.p osocen-0:g:p8—A—F ]
0.56 A e ) / 3
’ E ._.x:.'.-l-l-l\-ﬁ A-I'.'.-I-g/.—. ]
0.55 E v, A\ ] [ / E
0.54 F .
0.53 F
0.52 F Y
0.51 F \
0.50 F \

\

\ o
. —=—0 v A ,/
049F o f17mPa %\
048 F —a—203MPa v, | .T |

3 p] A\ R E
047 F —v—586 MPa v.v'v:i ® L 3

0.45:-.|...|...|...|...|...|...|.-.
-15 -10 -5 0 5 10 15

2
=
()
oY)
<
v
/4
— >
e
———"
-\.\.\

A, %

0-08_'|"'|"'|"'|"'|"'
—=— 1
—©— 117 MPa ]
—A—293 MPa ]

0.04 ~v—586 MPa ]

0.06 |

0.02

0.00F

dA/dH (a.u)

-0.02
-0.04 |

-0.06 |

-0.08 L

H, Oe

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 H,(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 (p), circumferential magnetic permeability () and
frequency (f) via the following formula [20]:

1 nfu
=5=\%% W

where u is dependent on the susceptibility (x) and the angle ()

between magnetization vector and the wire axis, formulated as

[19]:

=1+ 4mcos?(0)x (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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Fig. 7. Axial field dependence of absorption (a) and derivative absorption profiles
(b) in the presence of varying stress at 9 GHz for wire C.

hand, when a stress is applied along the microwires with a nega-
tive magnetostriction, the magnetization vector rotates away from
the axis direction when possible. As a result, the circumferential
magnetic permeability is decreased and hence the absorption is
reduced according to Eq. (1) [14]. It is expected, therefore, that
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Fig. 8. Stress dependence of absorption for three wires with different geometry. The
arrows indicate the feature stress for three samples, respectively.
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Fig. 9. Stress dependence of anisotropy field H for three wires with different geom-
etry. The inset shows p dependence of Hy, 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 o > 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 wusefulness 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 As=—(uoM;s/3)(dHi/do), we can then
obtain As=-—(uoMs/3)(2ac+b). Thus, the unstressed value
of the magnetostriction, denoted as Agg, can be given by
As0=—(moMs/3)b. Following these calculations, we have deter-
mined Agp=—2.8 x 107, 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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in terms of domain structure [4]. As proposed by Antonov et al., the
magnetic properties are determined by the magnetoelastic inter-
actions, which are mainly governed by the frozen-in stress induced
during fabrication process. The anisotropy field can be determined
by the following equation [22]:

3 1
Hy = M. (Uzz —Ogp + a ki ke kE) , (3)

where o, O¢p represent the residual stress component in the
axial and azimuthal direction, respectively; 6;; denotes the average
applied axial stress. k is the metal-to-glass ratio of Young’s moduli.
As the difference between o, and o4 decreases with decreasing
p and the Young’'s modulus of metallic core is almost twice that of
glass coat, the anisotropy field therefore decreases with increas-
ing p. In addition, increasing p would also give rise to a decreased
anisotropy angle (the angle between the magnetization easy axis
and the wire axis) due to the reduced internal stress. Thus, the
absorption is improved with increasing p. This is fully consistent
with our previous reports on the effect of metal-to-diameter ratio
on GMI [23].

The shift of feature stress for wire C (Fig. 8) can also be explained
by the relatively ill-defined anisotropy owing to the very large
p. A much larger stress proves to be necessary to induce the
change of anisotropy and hence the absorption. Likewise, a larger
field sensitivity of absorption for wire C can be attributed to the
fact that the magnitude of the anisotropy field determines that
of the external field needed for driving the magnetization vec-
tor rotating towards the longitudinal axis, which is desirable for
absorption.

The magnetostriction constant is generally decreased with the
stress, according to As=Aso — Ao [24,25], where A is the satura-
tion magnetization at zero tensile stress. A is a positive coefficient
susceptible to thermal treatments. A should be the same for all
three wires with the same composition. But using the same method
as did for wire A, one can determine the magnetostriction con-
stant, —1.8 x 107 and —0.9 x 10~7 for wire B and C, respectively.
This can be attributed to the fact that more residual stress is intro-
duced during the fabrication process with decreasing p [23] and
thereby reduced the magnetostriction constant to arelatively larger
extent. All these results suggest the significance of wire geometry
on the absorption and related properties. The principles general-
ized herein can be exploited for an optimized design of wire-based
sensors. In order for an effective stress/field sensing in certain
stress/field range, for instance, the wire geometry should be care-
fully evaluated and selected in terms of the behaviors discussed
above.

5. Conclusions

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

ing areduced 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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