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Glass-coated Co-rich amorphous microwires are very promising for the
development of tiny magnetic sensors that can be used in portable electronic
devises. In this study, a substantial decrease in the residual quenching stress
in Co-rich microwires is achieved by reducing the thickness of the glass
coating by means of precise etching of the wire in a specially designed gel. This
effect is confirmed experimentally by means of the small-angle magnetization
rotation method as well as by direct measurement of the off-diagonal compo-
nent of the giant magnetoimpedance (GMI) tensor of wires with different
thicknesses of glass coating as a function of the applied magnetic field. A
reduction in the thickness of the glass coating to the range of 0.5–2.0 lm
resulted in a nearly twofold increase in the steepness of the off-diagonal GMI
component of the studied Co-rich microwires. Therefore, this method can be
used to improve the sensitivity of miniature magnetic sensors to weak exter-
nal magnetic fields.

INTRODUCTION

Due to the rapid development of telecommunica-
tion and data transmission systems, much attention
is now being paid to control of environmental
electromagnetic radiation to ensure human safety
and robust operation of critical equipment. To
achieve continuous monitoring of the surrounding
electromagnetic field, portable electronic devices
can be equipped with miniature sensors that can
detect weak magnetic fields. The sensing element of
such magnetic sensors may be a small section of
glass-coated amorphous ferromagnetic microwire
(AFM) with total diameter of 10 lm to 30 lm.1–6

The main advantage of such sensors based on the
giant magnetoimpedance (GMI) effect in Co-rich
amorphous microwire with negative magnetostric-
tion4–6 is their small size and low weight, as well as
very high sensitivity to weak magnetic fields. These
parameters play a crucial role for portable devices.
In addition, such AFM sensors are relatively inex-
pensive. Moreover, suitable postproduction treat-
ments of Co-rich amorphous microwires can further

improve their magnetic and GMI characteris-
tics.1,2,7 Thermal treatment of AFM can be achieved
by Joule heating by passing a direct current (DC) or
alternating current (AC) along the microwire or by
conventional furnace annealing.7–12 Joule heating
using a DC or AC current can also be performed in a
longitudinally applied magnetic field of about sev-
eral kA/m, as well as under the influence of applied
tensile or torsion stresses.7,13,14

It is generally accepted15–20 that the magnetic
characteristics of AFM are mainly determined by
the distribution of the significant residual quench-
ing stress over the microwire cross-section. This
residual stress arises during the formation of the
wire from the melt, mostly due to the difference in
the linear expansion coefficients of the inner ferro-
magnetic core and outer glass shell. Other origins of
residual stress include quenching stresses produced
by rapid quenching of the metallic alloy from the
melt, as well as axial stresses related to wire
drawing.15 A properly chosen annealing procedure
can significantly reduce the magnitude of the resid-
ual quenching stress in amorphous microwires. For
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Co-rich amorphous microwires with negative mag-
netostriction, this can lead to a decrease in the wire
anisotropy field and thus an increase in the mag-
netic permeability and GMI ratio.1,2,7,14

On the other hand, it is well known15–18 that the
magnitude of the residual quenching stress in an
amorphous glass-coated microwire depends on its
geometrical characteristics, i.e., the diameter of the
ferromagnetic core d and the total wire diameter D,
as well as the ratio q = d/D. It has been demon-
strated experimentally7,21–23 that the magnetic per-
meability and GMI ratio of Co-rich amorphous
microwires with negative magnetostriction constant
usually increase as a function of q; i.e., for micro-
wires with relatively small glass coating thickness,
tsh = (D � d)/2. Therefore, decreasing the thickness
of the glass coating using etching or other methods
has long been recognized24–29 as a promising
method to decrease the magnitude of the residual
quenching stress and improve the magnetic softness
of Co-rich amorphous microwires with negative
magnetostriction constant. However, in this
approach, it is important to ensure precise control
of the final thickness of the glass coating and
achieve low roughness of the glass surface after
etching.

Recently, it was shown30 that the magnitude of
the residual quenching stress can be considerably
diminished by precise etching of the glass coating on
the wire in a specially designed gel. Using the
method of small-angle magnetization rotation,31–33

it was proved30 that, at the initial stage of etching,
the magnitude of the residual quenching stress
decreases on average by 40% to 50% per micrometer
reduction of the glass coating thickness.

Based on physical considerations, it is clear that a
decrease in the magnitude of the residual quenching
stress should lead to a reduction of the anisotropy
field of the microwire and thus an increase of its
GMI characteristics in weak longitudinal magnetic
fields.7,19,29 In the work presented herein, this effect
is confirmed experimentally by direct measurement
of the off-diagonal component of the GMI tensor of
wires with different thicknesses of glass coating as a
function of the applied magnetic field. It is found
that a reduction in the glass coating thickness by
0.5 lm to 1.0 lm leads to an increase in the
steepness of the off-diagonal GMI component by
30% to 40%. This effect could be used to achieve a
notable increase in the sensitivity of AFM magnetic
sensors.

EXPERIMENTAL PROCEDURES

Co-rich AFMs consisting of a ferromagnetic core
with composition Co71Fe4Si10B15 in a glass shell
were fabricated by the Taylor–Ulitovsky
method.1,2,29,30 The microwires were wound using
a coil with diameter of 0.05 m. For etching of the
glass coating, four segments of microwire with
length from 0.14 m to 0.155 m, roughly

corresponding to the circumference of the coil, were
cut. The geometric dimensions of the samples and
the parameters of the wire production process are
presented in Table I, where W is the winding speed
and Vgl is the feed rate of the glass tube. As an
example, Fig. 1a shows the open ferromagnetic core
of sample 1, whereas Fig. 1b shows a general view of
the same sample with the glass shell.

Table I reveals that samples 1 to 4, cut from the
same piece of microwire obtained using standard
Taylor–Ulitovsky equipment, exhibited small long-
range variations in both the diameter of the ferro-
magnetic core and the thickness of the glass coating.
Nevertheless, proper posttreatment can help
improve the GMI characteristics of these samples
to make them suitable for use in sensor
applications.

Precision Etching of Wire Coating

Mechanical removal is occasionally used to scrape
the glass coating off the microwire completely.
However, this operation can lead to damage of the
amorphous ferromagnetic core and does not allow
investigation of the change in the AFM character-
istics depending on the thickness of the glass
coating. Precision etching of the glass coating on
the microwire in a specially designed gel30 enables
one to change the thickness of the glass coating on
the wire with high precision. In addition, this
technique makes it possible to obtain a glass surface
with small finite roughness. Note that solutions
used for glass etching based on HF acid34,35 have
high toxicity and result in an etched glass surface
with roughness of no less than 600 nm.

The special gel used for etching the glass coating
contained the following components by weight per-
cent:30 propylene glycol (60.3% to 60.9%), ammo-
nium fluoride acid (7.27% to 7.88%), ethyl alcohol
(4.24% to 4.85%), and sucrose (2.12% to 2.73%). The
other components were water and special surface-
active additives. First, solution 1 was prepared by
grinding 0.025 kg ammonium fluoride acid and
dissolving it in 66 9 10�6 m3 water at temperature
of 25�C. To prepare solution 2, 0.008 kg sucrose was
dissolved in 16 9 10�6 m3 water and 15 9 10�6 m3

ethyl alcohol was added, followed by addition of
201 9 10�6 m3 propylene glycol, previously heated
in a water bath to 50�C to 60�C. Then, solution 2
was cooled to 25�C. The final step was to mix
solution 1 and solution 2 and add surfactant.

Due to its reduced concentration of active fluoride
ions, this etching gel has low toxicity and achieves
high etching uniformity. Due to hydrolysis, ammo-
nium fluoride acid results in formation of hydroflu-
oric acid, which dissolves the glass coating of the
microwire. Use of this gel enables etching of the
glass coating at a rate of 0.23 lm/h to 1.96 lm/h
with a surface roughness from 40 nm to 100 nm,
depending on the etching depth.
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It was found recently30 that a significant drop in
the magnitude of the residual quenching stress
occurs after removal of the initial coating layers
with thickness on the order of 1 lm. In the prepared
gel, this occurs during the first 20 min to 30 min of
the etching process. As an example, Fig. 1b and c
shows the initial and final glass coating surface of
sample 1 immersed in gel for 20 min. It is worth
noting in Fig. 1c the very small fluctuations of the
outer diameter of the glass coating obtained after
etching in the gel.

Residual Quenching Stress

A modified small-angle magnetization rotation
method31,32 was used to measure the magnitude of
the residual quenching stress in AFMs with differ-
ent thicknesses of glass coating. In this method, a
long piece of Co-rich AFM is placed in an applied
magnetic field H0z, which is sufficiently large in
comparison with the effective anisotropy field of the
wire, Ha,ef = 2Kef/Ms, where Ms is the saturation

magnetization of the wire, Kef ¼ 3 ksj j Drþ r að Þ
zz

� �.
2

is the effective magnetic anisotropy constant, ks is
the magnetostriction constant, Dr is the magnitude

of the residual quenching stress, and r að Þ
zz is the

tensile mechanical stress applied to the wire.
In a sufficiently strong longitudinal magnetic

field, H0z � Ha,ef, the magnetic moment of the wire

is almost parallel to its axis, so the circular compo-
nent of the unit magnetization vector is close to
zero. Consider an alternating current with fre-
quency f and amplitude I0, I(t) = I0sin(xt), where
x = 2pf is the angular frequency, flowing through
the microwire. Under the influence of the circular
magnetic field of the alternating current, the circu-
lar component of the unit magnetization vector
experiences small oscillations with frequency x.
This generates an electromotive force E at twice the
frequency in a small receiving coil wound on the
amorphous microwire:

E ¼ E2f H0zð Þ sin 2xtð Þ: ð1Þ

The amplitude of the second harmonic of the
electromotive force is given by the equation32

E2f H0zð Þ ¼ C2f

Ha;ef �H0z

� �2
;C2f ¼

4p2MsNxI2
0

c3
; ð2Þ

where c is the speed of light and N is the number of
turns in the receiving coil.

In this work, the amplitude of the second har-
monic of the electromotive force was measured in
the range of the external magnetic field H0z from
0 mT to 2 mT, with an amplitude of the alternating
current of I0 = 10 mA, and with various tensile
stresses applied to the wire by attaching small
masses of 0.4 9 10�3 kg to 4.4 9 10�3 kg to the

Table I. Composition and parameters of Co-rich microwires

No. d (lm) D (lm) tsh (lm) Composition W (m/min) Vgl (mm/min)

1 17.27 25.75 4.24 Co71Fe4Si10B15 140 1.8
2 17.26 25.29 4.02
3 18 27.51 4.76
4 17.89 27.21 4.66

Fig. 1. (a) Released ferromagnetic core of sample 1 with diameter d = 17.27 lm; (b) glass coating of the wire before etching (D = 25.75 lm); (c)
glass coating after etching with average diameter hDi = 24.69 lm.
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lower end of the vertically suspended wire. The
frequency of the alternating current was f = 5 kHz,
and the number of turns of the receiving coil was
N = 200.

For sample 1, with an initial ratio of internal and
external diameters of d/D = 0.671 and an initial
thickness of the glass coating of tsh = 4.24 lm, the
magnetostriction constant was determined to be
ks = – 2.9 9 10�7, the saturation magnetization of
the wire being Ms = 500 ± 10 kA/m. The reduced
magnitude of the residual quenching stress in this
wire before etching was found to be Dr/r0 = 1.8,
where r0 = 100 MPa is the characteristic magni-
tude of the residual quenching stress.

After etching sample 1 in the gel for 20 min, the
thickness of the glass coating decreased to tsh =
3.71 lm. As a result, the reduced magnitude of the

residual quenching stress diminished to Dr/
r0 = 0.25. Other parameters of the wire, such as
the magnetostriction constant and the saturation
magnetization, remained unchanged, since etching
the glass coating does not affect the ferromagnetic
core of the microwire. Similar changes of the
residual quenching stress due to etching were
obtained also for samples 2 to 4, as shown in Table I.

GMI Characteristics

Measurements of the off-diagonal component of
the GMI tensor were carried out for the samples
presented in Table I before and after etching of the
glass coating. By definition,36 the off-diagonal com-
ponent of the GMI tensor is given by Zuz(H0z) =
eu(R)/Iz, where eu(R) is the value of the circular

component of the electric field, eu(R), on the wire
surface, r = R, and Iz is the amplitude of the
alternating current flowing through the microwire.
Due to the small diameter of the microwire, it is
convenient, however, to measure the circular com-
ponent of the electric field at some distance Rc from
the wire center. This can be done37 by measuring
the magnitude of the electromotive force,
E = 2pRcNceu(Rc), that occurs in a thin receiving
coil of radius Rc wound around the wire, where Nc is
the number of turns of the receiving coil.

Note that the amplitude of the circular component
of the electric field outside the wire, r ‡ R, is
determined by the equation36

eu rð Þ ¼ D
ik0

p
H

ð2Þ
1 prð Þ; ð3Þ

where D is the amplitude coefficient, p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � b2
q

,
b is the longitudinal wavenumber, k0 = x/c, and
H1

(2)(x) is Hankel’s function.38 Therefore, the ratio
between the circular electric component on the wire
surface, r = R, and at some distance r = Rc from the
wire center is given by

eu Rcð Þ
eu Rð Þ ¼ H

ð2Þ
1 pRcð Þ

H
ð2Þ
1 pRð Þ

� R

Rc
: ð4Þ

Actually, it can be shown that, due to the small
values of the radii R and Rc, the arguments of the
Hankel’s functions are also small at modest fre-
quencies (pR, pRc << 1). Therefore, in Eq. 4, one
can use the asymptotic result for Hankel’s function

at small arguments:38 H
ð2Þ
1 xð Þ � 2i=px, yielding

Zuz(H0z) = Rceu(Rc)/RIz.
The experimental setup to measure the GMI

tensor component consisted of a magnetic field
sweep source, a sinusoidal signal source with fre-
quency f of 1 MHz to 10 MHz, a direct-current bias
source, the measuring channel for recording the off-
diagonal GMI tensor component, and a multi-pur-
pose fast Fourier transform (FFT) signal analyzer
CF-5210. In the present experiment, a receiving coil
with internal radius of Rc = 0.5 mm and Nc = 85
turns of copper wire with diameter of 50 lm was
used.

A sample of microwire with length of � 0.01 m
was fixed inside the receiving coil, and its ends were
soldered to the contact pads of a special holder. The
holder was connected to the measuring system
using 0.5-m-long shielded twisted pairs and was
located inside the Helmholtz coil system placed in a
Permalloy magnetic shield. During the measure-
ments, a linearly varying magnetic field in the
range of ± 1.5 mT can be created using the
Helmholtz coils. A direct bias current in the range
of ± 5 mA can also be passed through the micro-
wire. The high-frequency signal of the off-diagonal
GMI tensor component was amplified and then
detected by a special device. The measured value of
the off-diagonal GMI tensor component was nor-
malized to the resistance of the wire at constant
current, Rdc = q/pR2, where q = 1.2 9 10�6 X/m is
the specific resistance of the wire.

The symbols in Fig. 2 show the experimental data
for the reduced off-diagonal component of the GMI

0.0 0.2 0.4 0.6 0.8
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Magnetic field  (mT)
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Fig. 2. Off-diagonal component of GMI tensor in sample 1 with
various glass coating thicknesses: (1) initial microwire with
tsh = 4.24 lm, and (2) the same wire after etching with
tsh = 3.71 lm. Symbols are experimental data; solid curves are
drawn according to theory37.
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tensor for sample 1 at an alternating current
frequency of f = 5 MHz. The constant bias current
was Idc = 2 mA, while the external longitudinal
magnetic field was varied in the range of ± 1 mT.
One can see that the dependence of the off-diagonal
GMI component on the longitudinal magnetic field
is much steeper for the wire with deceased thick-
ness of the glass coating. The linear part of this
characteristic in the range ± 0.07 mT can be used in
the AFM sensor to measure the longitudinal com-
ponent of a weak applied magnetic field.

It is physically obvious that the improvement in
the GMI characteristics of the AFM is associated
with a drop in the amplitude of the residual quench-
ing stress due to the etching of the glass coating. The
change in the magnitude of the residual quenching
stress can also be estimated by theoretical calcula-
tion37 of the off-diagonal component of the GMI
tensor. To calculate this component, we use the
saturation magnetization and magnetostriction con-
stant of the amorphous wire determined above by
means of the small-angle magnetization rotation
method. The fitting parameters in the theory are the
dimensionless magnetic damping constant, which in
agreement with previous studies6,37 is taken to be
j = 0.8 to 1.0, and the reduced magnitude of the
residual quenching stress Dr/r0.

Figure 2 shows a comparison of the experimental
and theoretical data for the reduced off-diagonal
component of the GMI tensor for sample 1, before
and after etching the glass coating. The symbols in
Fig. 2 correspond to the experimental data. The
solid curves were calculated for the ratios Dr/
r0 = 1.7 and Dr/r0 = 0.25 for the initial wire, and
the wire with the reduced glass coating thickness,
respectively. One can see from Fig. 2 that the
steepness of the off-diagonal GMI component of
the microwire, DZuz

�
RdcDH, increases from � 1.0 1/

mT up to � 2.8 1/mT after etching the microwire.

Similar results were also obtained for samples 2
to 4 in Table I. The off-diagonal component of the
GMI tensor for sample 4 is shown in Fig. 3, where
symbols represent the experimental data, while
solid curves are drawn according to theory.37 The
etching of the glass coating for this microwire was
carried out for 80 min. As a result, the thickness of
the glass coating on the microwire decreased to
tsh = 2.61 lm. The magnetostriction constant for
this microwire was determined to be ks = –
3.5 9 10�7, the saturation magnetization being
nearly the same as for sample 1.

Using the small-angle magnetization rotation
method, the reduced magnitude of the residual
quenching stress in this wire before etching was
found to be Dr/r0 = 1.5. After etching, it diminished
to Dr/r0 = 0.45. As a result, the steepness of the off-
diagonal GMI component of the microwire,
DZuz

�
RdcDH, increased from � 1.0 1/mT to

� 2.0 1/mT.
Figures 2 and 3 clearly show reasonable agree-

ment between the theoretical and experimental
data for the off-diagonal component of the GMI
tensor for both the original samples and those with
reduced glass coating thickness. However, further
experiments seem necessary to estimate the optimal
reduction of the glass coating thickness for the Co-
rich microwires studied.

CONCLUSION

It is well known1,7–14,29 that various types of
thermal treatment can significantly improve the
magnetic softness and GMI characteristics of Co-
rich amorphous microwires, which is very promis-
ing for the development of miniature AFM magnetic
sensors. In this paper, another promising technol-
ogy is suggested for postproduction treatment of
pieces of Co-rich microwire, viz. precise etching of
the glass wire coating in a specially designed gel.
The method produces a very smooth glass surface
with roughness of 40 nm to 100 nm, depending on
the etching depth. Direct measurements reveal that
such reduction of the thickness of the glass coating
on the microwire by means of precise etching leads
to a significant increase in the steepness of the off-
diagonal component of the GMI tensor of the wire.
This is a consequence of a decrease in the magni-
tude of the residual quenching stress in the Co-rich
microwire due to the etching. The steepness of the
off-diagonal GMI component is found to increase
nearly twofold after a reduction in the glass coating
thickness by 0.5 lm to 2.0 lm. This makes the
developed technology applicable to achieve a notice-
able increase in the sensitivity of miniature AFM
magnetic sensors for use in portable electronic
devices.
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