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bstract

High-frequency [1–500 MHz] measurements of the magnetoimpedance (MI) of glass-coated Co69.4Fe3.7B15.9Si11 microwires are carried out
ith various metal-to-wire diameter ratios. A twin-peak, anhysteretic behaviour is observed as a function of magnetic field. A maximum in the
ormalized impedance, �Z/Z, appears at different values of the frequency f, 125, 140 and 85 MHz with the corresponding diameter ratio p = 0.80,
.55 and 0.32. We describe the measurement technique and interpret our results with a thermodynamic model that leads to a clearer view of the
ffects of p on the maximum value of MI and the anisotropy field. The behavior of the real and imaginary components of impedance is also

nvestigated; they display a resonance that becomes a function of the dc field Hdc for values larger or equal to HK the circumferential anisotropy
eld for each p value. These results are interpreted in terms of a rotation model of the outer shell magnetization.
2007 Elsevier B.V. All rights reserved.

ACS: 75.50.Kj; 72.15.Gd; 75.30.Gw; 75.80.+q

nisotr

w
h
w
i
c
p
m
t
b
m
fi

a

eywords: Amorphous magnetic wires; Giant magnetoimpedance; Magnetic a

. Introduction

When a ferromagnetic conductor is traversed by a cur-
ent of low amplitude and high frequency, its impedance, or
ather its Magnetoimpedance (MI) can be altered by apply-
ng a dc magnetic field. This phenomenon, first described
1] in the 1930s, has been receiving special attention over
he last 15 years [2,3] due to its potential technological
pplications [4,5] in sensors, devices and instruments. Its
undamental physics is also being deeply examined [6]. MI
as been observed in a wide variety of materials, geome-
ries and structures, particularly in amorphous wires having
iameters of a few hundred microns. Wires with smaller diam-
ters (a few microns) coated with a glass sheath show an

ncrease of the working frequency, and introduce an addi-
ional structural feature that alter the physical parameters
7,8].

∗ Corresponding author. Tel.: +52 55 5622 4653; fax +52 55 5616 1371.
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Since glass exerts some mechanical stress on the metallic
ire, a change in the magnetic response is expected; other works
ave rather investigated the effect of external stress [9,10], as
ell as that of various annealing methods [11,12]. Consequently,

t is of interest to finely tune the physical properties through the
ontrol of the thickness and nature of the glass sheath. In this
aper, we report on MI measurements of Co-rich amorphous
icrowires with various ratios of the metal-to-wire diameter, in

he [1–500 MHz] frequency range, carried out with a novel [13]
roadband technique. This technique allows a complete deter-
ination of MI as a function of both frequency and magnetic
eld.

In contrast with most published works, where MI is measured
t a single frequency, or at a discrete set of frequencies, this
echnique provides a quasi-continuous ensemble of results over
he 1–500 MHz frequency range. The effects of the thickness of
he glass sheath are clearly illustrated and the variation of the

nisotropy field HK is evaluated directly as a function of stress.

Additionally, we carried out an analysis of the real and
maginary components of impedance. The resonance charac-
er observed can be attributed to the rotation of the outer shell

mailto:monjaras@servidor.unam.mx
dx.doi.org/10.1016/j.sna.2007.05.006
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agnetization as described further below. Possible sensor appli-
ations are discussed in the conclusion.

. Measurement techniques

Glass-coated amorphous microwires of nominal composi-
ion Co69.4Fe3.7B15.9Si11 were prepared by fast cooling with
he Taylor–Ulitovski technique [14]. Several metal-to-wire ratio
alues, p = φm/φw, with φm is the metallic core diameter and
w is the total wire diameter, were produced and characterized.
or values of metal core diameters of 24, 12 and 7 �m, with
orresponding total diameters of 30, 21.8 and 21.9 �m, we get
he ratio p = 0.80, 0.55 and 0.32, respectively. In order to make
lectrical contacts, the glass sheath was etched away over a few
m on both microwire ends, with a solution of hydrofluoric acid.
ilver paste contacts were then made in order to proceed with

he electrical measurements.
MI measurements were carried out in the [1–500 MHz] range,

n pieces of microwires ∼12 mm in length, with an HP 8753C
etwork Analyzer using a novel broadband measurement tech-
ique described in [13]. Helmholtz coils served as source of axial
c magnetic fields ranging from −80 Oe to +80 Oe. Ferromag-
etic resonance (FMR) measurements were carried out using
mm long samples, in a JEOL JES-RES 3X spectrometer oper-
ting at 9.4 GHz (X-band), at room temperature. Non-resonant
ow-field absorption (LFA) measurements were taken using a
EOL ES-ZCS2 zero cross-sweep unit, which compensates for
ny magnetic remanence, allowing precise determination of low
agnetic fields around zero.

. Experimental results and modeling

The results obtained are plotted in a continuous 3D represen-
ation of �Z/Z, with:

�Z [Z(Hdc) − Z(Hdc = 80 Oe)]
Z
=

Z(Hdc = 80 Oe)
, (1)

here Z(Hdc) is the total impedance modulus
=

√
(Z′2 + Z′′2), with Z′ is the real part and Z′′ is the

ig. 1. Magnetoimpedance plot for p = 0.8 as a function of axial dc field and
requency.
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ig. 2. �Z/Z plot as a function of dc field at the selected frequencies of the MI
aximum for each diameter ratio p.

maginary part of impedance. Z(Hdc) is a function of the dc
eld, Hdc (in Oe), and frequency, f. The results for p = 0.8 are
hown in Fig. 1. A symmetrical double peak MI plot is obtained
s a function of Hdc; the peaks are associated with ±HK, the
ircumferential anisotropy field. We obtain HK ∼ 3.5 Oe and
o hysteresis by cycling the dc field Hdc.

Regarding frequency f, the MI shows a maximum of ∼250%
t about 100 MHz. Similar plots were obtained with the other
ratios, albeit with significant differences in the values of the

nisotropy field and peak frequency values. Instead of making a
omparison at a single frequency, as typically done, we choose
he frequency at which the maximum in �Z/Z appears and
ompare results as a function of Hdc, as shown in Fig. 2. Note
hat the sample with p = 0.32 exhibits, as a function of field,
everal peaks that can be associated with a distribution of the
nisotropy axis orientation. This introduces a large uncertainty
n the numerical value of the anisotropy field HK.

Fig. 2 shows clear trends in the results: MI response increases
s p increases, while the anisotropy field decreases. p indicates
he importance of the metal core with respect to the total diameter
f the wire and the stress increases as the thickness of the glass
heath increases. During fabrication, glass-coated microwires
re subjected to strong stresses, generally proportional to the
hickness of the glass coating that varies inversely proportional
o p. The origin of such stresses can be understood, since glass
ossesses a smaller thermal contraction coefficient than met-
ls. In the cooling process, the metallic core tends to contract
aster and more substantially than the surrounding glass sheath;
owever glass hampers such contraction.

Torcunov et al. [14] modeled the thermoelastic and quench-
ng stresses that occur in glass-coated wires and evaluated with

thermodynamic model the stress components in terms of
heir axial σzz, radial σrr and azimuthal σφφ components (in

cylindrical system of coordinates (r, φ, z) with the z direc-
ion along the wire axis). The following expressions (providing
he Poisson’s coefficients of the glass and metal are equivalent

g ∼ νm ∼ 1/3) are obtained and adapted to our case:

rr = εEg(1 − p2)

((k/3) + 1)(1 − p2) + (4p2/3)
(2)



R. Valenzuela et al. / Sensors and Actuators A 142 (2008) 533–537 535

Fig. 3. Effect of the diameter ratio p on the anisotropy field HK. Our measured
data is for p = 0.32, 0.55 and 0.8. The HK values corresponding to p = 0.35,
0.789, 0.816 and 0.98 are adapted from the literature [23]. The values of μ0Ms =
0
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appears with two maxima in the impedance response, corre-
sponding to ±HK (the value of which remains virtually constant
at all frequencies), and the FMR response, which becomes field
dependent, with a Larmor relation that depends on the geom-
.8 T, zero stress anisotropy K(σ=0) = 40 J/m3, and λs = −0.1 × 10−6 are taken
rom Ref. [15]. Agreement with the theory improves and uncertainty decreases
or larger values of p.

φφ = σrr (3)

zz = σrr

(k + 1)(1 − p2) + 2p2

k(1 − p2) + p2 (4)

here Eg is the glass Young modulus, k = Eg/Em and Em is
he metallic wire Young modulus.

The term ε is given by the difference of the glass and metal
xpansion coefficients αg, αm (respectively) times the difference
f the minimum glass solidification temperature T ∗ and room
emperature T, ε = (αm − αg)(T ∗ − T ).

We apply this variation to the anisotropy field HK =
Kσ/μ0Ms with Kσ the anisotropy constant of the wire under
tress σ. We consider that the latter induces a change in the
nisotropy constant according to Kσ = K(σ=0) − (3/2)λs(σzz −
φφ) with the additional assumption of no extra applied
tress (μ0, Ms and λs are vacuum permeability and sat-
ration magnetization and magnetostriction, respectively).
sing physical parameters of wires [15] with a composition

Co0.94Fe0.06)72.5B15Si12.5 similar to ours, we get in Fig. 3, a
easonable agreement with the experimental behaviour, despite
faster tapering off of HK at low values of p where we observe

xperimentally a large uncertainty in the value of HK, due to a
road distribution of anisotropy axis orientation.

Since our measurement technique provides also the real and
maginary components of impedance, we now investigate the
requency behavior of the imaginary component of impedance,
, for selected values of the dc field, Fig. 4, for p = 0.80. For
igh frequencies (f > 100 MHz), X goes through the axis and
ake negative values; it changes from an inductive to a capacitive
haracter. This is a common feature of resonance phenomena.

e observe that for low dc fields, the plots join in a com-
on point (f ∼ 141 MHz, X ∼ 7 	); for fields larger than the

nisotropy field (HK ∼ 4 Oe), the resonance frequency becomes
function of the field. A plot of the imaginary part of impedance

F
fi

ig. 4. Imaginary part of impedance as a function of frequency, at selected values
f applied field, for the p = 0.8 sample. The arrow indicates the point where
lots merge for low values of field.

s a function of the real component, i.e., a Cole–Cole plot, is
more direct evidence of resonance, when the locus of the

oints forms a full circle, as shown in Fig. 5, for the p = 0.8
ample. A comparison of Cole–Cole plots for the other p val-
es appear in Fig. 6, for dc field values corresponding to the
nisotropy field of each sample. The p = 0.32 plot exhibits a
eformed circle, probably because the high level of mechan-
cal stresses leads to a complex distribution of the anisotropy
xis.

High-frequency MI and FMR have led to some confusion in
he past [16,17]; however, we feel that the differences between
MR and MI are now well established. Recent results show [18]

hat as frequency increases (in the 200 MHz to 6 GHz range for
o-rich amorphous ribbons), a divergence in the MI response
ig. 5. Cole–Cole plot for the p = 0.8 sample, for selected values of the applied
eld.
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Fig. 6. Cole–Cole plots for the three p values, taken at Hdc corresponding to
the anisotropy field value HK. Note that the HK are slightly different from those
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Fig. 7. Comparison between the experimentally determined resonance frequen-
cies (crosses with errorbars) and the theoretical model (continuous line) based
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the MI a valuable tool to observe and identify various modal
ndicated in Fig. 3. HK is taken as 4, 12 and 24 Oe for p = 0.8, 0.55 and 0.32
nstead of 3.5, 11.8 and 25 Oe, respectively.

try of the sample. FMR experiments in Co-rich amorphous
ibbons at even higher frequencies (X-band at 9.4 GHz) have
xhibited both signals clearly resolved [19], the non-resonant
ow-field absorption (LFA) similar to MI at fields lower than
0 Oe, and the expected FMR absorption at 1682 Oe. Therefore,
ur present results show the beginning of this separation. The
esponse associated with FMR shows effectively an increase in
esonance frequency as the field increases as observed in the
ase p = 0.80.

The relationship between the resonance frequency, fRES,
nd the resonance field HRES, however, shows a f 3

RES ∼ HRES
ependence that does not fit the Larmor equation for a cylindri-
al geometry [20]; an FMR experiment at 9.4 GHz in these wires
eads to a resonance field of 1132 Oe, about two orders of magni-
ude smaller than an extrapolation of the relationship exhibited in
ig. 7. In order to understand the behaviour of the resonance fre-
uency as a function of the dc field, we follow the work of Panina
t al. [21] describing the wire as containing an axial core mag-
etization and a circumferential magnetization in an outer shell
egion transverse to the wire axis. From the rotational permeabil-
ty of the outer shell magnetization, one may define a resonance
requency assuming negligible Landau–Gilbert damping coeffi-
ient:

RES = γ

2π

√
[Hdc sin(θ + θK) + HK cos2(θ) + 4πMs]

× [Hdc sin(θ + θK) + HK cos(2θ)]
(5)

here γ is the gyromagnetic ratio, θ the angle the magnetization
akes with the circumferential anisotropy axis (CAA) and θK is

he angle the CAA makes with a direction perpendicular to the

ire axis [21]. In principle, θ is determined from the equilibrium

ondition, however for simplicity we consider the magnetization
long the CAA (that means we take θ = 0) and therefore the

t

o

n Panina et al.’s [21] involving rotational motion of the outer shell magnetiza-
ion as shown in the inset. The low field region [0–10 Oe] is a crossover region
rom domain relaxation to magnetization rotation in the shell.

implified resonance formula becomes:

RES = γ

2π

√
[Hdc sin(θK) + HK + 4πMs][Hdc sin(θK)+HK]

(6)

Replacing the sin(θK) term by its average value (since the
AA fluctuates randomly with respect to the direction perpen-
icular to the wire axis) in the above formula, we are able to make
direct comparison with the experimental values we obtain for

he resonance frequency versus the dc field as displayed in Fig. 7.
he agreement we obtain is very good given our simplifying
ssumptions and the fact we have no free parameter other than
he average value of sin(θK). The low field region is a crossover
egion from the domain relaxation to the magnetization rotation
n the shell whereas in the high field region we ought to observe
nother transition from the magnetization rotation mode to the
MR mode of the axial magnetization precession (Fig. 8).

. Conclusion

In conclusion, the measurement of the MI response of
icrowires with a novel broadband technique provides a sat-

sfactory view of the interplay between different physical
henomena operating in the glass or metal side. In addition to the
ncrease of anisotropy field as p decreases, a larger distribution
f HK is observed for small metal cores. Besides, an analysis
f the real and imaginary components of impedance has been
arried out, leading to the observation of a crossover region from
he domain relaxation to the magnetization rotation in the outer
hell. A second crossover region to the axial magnetization pre-
ession FMR at higher fields is observed (see Fig. 8) making
ransitions in these glass-covered microwires.
Several applications of the present results are possible. One

f them is the ability to select or tune the physical properties
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Fig. 8. Microwave absorption of p = 0.8 microwire at 9.4 GHz. The FMR res-
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Saskatchewan. His interests were in digital communications theory and the
design of microwave circuits for wireless communications. He joined the Uni-
nance field is 1132 Oe. A low-field absorption (LFA) double peak appears
t Hdc ∼ HK = 4 Oe, where MI was observed at low frequencies. The full
eparation between MI and FMR has therefore taken place.

uch as a better microwire might be produced and suited for
specific application. In particular, the presence of a resonant

bsorption peak at very low fields, that depends on Hdc, allows
he possibility of engineering devices that can be designed for
unable stopband filtering applications at microwave frequencies
22].
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