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Multilayer microwires with biphase magnetic behavior are revisited in this
work. They are fabricated by the combination of ultrarapid solidification and
electroplating techniques, and they are composed by ferromagnetic nucleus,
intermediate glass layer, and ferromagnetic outer shell. Different magnetic
configurations have been explored: soft/hard (CoFeSiB/CoNi and FeSiB/CoNi),
soft/soft (CoFeSiB/FeNi), and hard/soft (FePtSi/FeNi). Their magnetic prop-
erties are mainly determined by the magnetic interactions between both
magnetic phases: (I) a magnetoelastic coupling that arises from the mechan-
ical stresses induced during the growth of the external magnetic shell and (II)
a magnetostatic bias field that arises from uncompensated magnetic charges
of the hard layer. Most outstanding static (i.e., low-field hysteresis loops) and
dynamic (i.e., magnetoimpedance and ferromagnetic resonance) properties are
reviewed in this article. The possibility to tailor the magnetization reversal of
the soft phase through the tuning of those magnetic couplings places multi-
layer biphase microwires in a very competitive position as functional sensing
elements suitable for a number of technological applications. In particular, we
focus on their use in multifunctional sensor devices and fluxgate applications.

INTRODUCTION

Ferromagnetic amorphous metals have been
investigated for several decades because of their
outstanding magnetic behavior mostly as very soft
materials that make them especially suitable as
sensing elements in technologies and devices.1

Their outstanding magnetic behavior is a conse-
quence of the intrinsic atomic disordering that gives
rise to quite interesting fundamental phenomena.2

Glassy metals are prepared by several rapid solidi-
fication techniques that enable their preparation in
the shape of ribbons or wires.3 Amorphous magnetic
alloys can be also prepared as bulk material4 or can
give rise to ultrasoft alloys after suitable thermal
treatments resulting in nanocrystallization.4,5

Amorphous magnetic wires show some specific
characteristics deriving from the symmetry of their
cylindrical shape. They are currently prepared by
two different techniques: (I) in-rotating water

quenching (100–150 lm diameter) and (II) by
quenching and drawing (0.1–30 lm diameter) in
which case they are covered by a Pyrex coating. The
microwires with larger diameter were studied in
detail during the 1980s showing fascinating mag-
netic effects: large Barkhausen discontinuity, very
high permeability level for ultrasoft alloys, single
domain wall (DW) propagation, giant magnetoim-
pedance (GMI), and stress impedance (SI).3 In the
last 25 years, the research interest has been mainly
focused on thinner glass-coated microwires
(GCMs)3,5–7 because of several reasons: (I) Their
magnetic properties can be tailored by the fabrica-
tion and subsequent processing, (II) their geometry
and composition can be also tuned by the fabrication
parameters, (III) they can be considered nearly ideal
systems for fundamental and micromagnetic stud-
ies, (IV) their dynamic properties at high frequency
range (GMI and ferromagnetic resonance [FMR]),
and (V) their promising technological applications
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in electronic devices as sensing element (see Ref. 8
and references therein).

While planar multilayer structures have been
investigated for years, much less attention has been
paid to cylindrical-symmetry multilayered systems.
Multilayered microwires have been introduced
employing any of these two families of amorphous
wire precursor. In the former case, the additional
metallic layer is directly electroplated onto the
surface of metallic nucleus.9–11 This process can be
achieved also starting form ribbon-shaped sam-
ples.12,13 The process in the case of glass-coated
microwires is more complex and it requires further
step, where noble metal is sputtered onto the glass
to act as electrode in the subsequent electroplat-
ing.14,15 However, the insulated multilayer micro-
wire (MM) presents more interesting properties in
terms of magnetic couplings, and the electrical
insulation between the two metallic layers is very
convenient for technological applications.

MM was introduced with single magnetic phase
by electroplating of a metallic nonmagnetic shell.
There, the magnetoelastic anisotropy induced dur-
ing the electroplating modified drastically the
magnetic behavior of ferromagnetic nucleus.14 More
interesting is the case of MM with two magnetic
phases, where additional magnetostatic coupling
determines the magnetic behavior of the sys-
tem.15–20 The versatile fabrication process allows
choosing a wide range of alloy compositions that
enable playing with the magnetic character of each
phase: soft core and hard shell or vice versa and
where the relative thickness of each magnetic phase
plays an important role in determining their mag-
netic interactions. They diversify the magnetic
response of the MM at a high frequency involving
interesting effects as asymmetric magnetoimped-
ance and multiabsorption ferromagnetic resonance.

This article revises most relevant magnetic
properties of bimagnetic microwires focusing on: (I)
biphase behavior and interphase magnetoelastic
and magnetostatic interactions, (II) asymmetric
magnetoimpedance and multiabsorption FMR
effects, and (III) multilayer biphase microwires as
sensing elements in various devices.

FABRICATION AND CHARACTERIZATION
OF MULTILAYER BIMAGNETIC

MICROWIRES

The biphase magnetic microwires are composed by
a ferromagnetic nucleus, an intermediate glass lay-
er, and a ferromagnetic outer shell (Fig. 1a). They
are fabricated by the combination of ultrarapid
solidification and electroplating techniques. The
ferromagnetic nucleus covered by a Pyrex layer is
obtained by the quenching and drawing method3,7

(Fig. 1b). The diameter of the nucleus and thickness
of the glass cover range between 1 lm and 20 lm.
Due to the strong quenching rate of approximately
105 K/s, the ferromagnetic nucleus typically exhibits

amorphous structures conferring soft magnetic
properties. Three different kinds of magnetic alloys
with soft behavior have been considered according to
its saturation magnetostriction value: Fe-based
(ks = 10�5), Co-based (ks = �10�6), and CoFe-based
alloys with vanishing magnetostriction (ks = �10�7).
Several attempts were made to obtain microwires
with harder magnetic behavior21–23 using different
compositions as CoFeCr, CoNiCu, and CoFeMo after
suitable temperature treatment to promote the
crystallization of magnetic phases with strong crys-
talline anisotropy. Others alloys (FeNdB, FePt,
FePtNdB, FePd, and CoSm) were also explored;
however, their saturation magnetization signifi-
cantly decreases after the treatment at a high tem-
perature. In this work, we show, as an example,
results on FePt microwire after suitable thermal
treatment: The transition from face-centered cubic
(fcc) disorder to face-centered tetragonal (fct)
ordered phase enhardens its magnetic behavior.19,24

An Au nanolayer (typically 30 nm thick) is grown
on top of the glass surface using commercial sput-
tering system to serve as an electrode for the sub-
sequent electroplating of the magnetic outer layer
(Fig. 1c–e). Typically, two different magnetic alloys
have been selected as magnetic outer layer:
FeNi10,24,25 and CoNi15,17 with soft and hard mag-
netic behavior, respectively. The nominal composi-
tion of the alloys is tailored through the current

Magnetic 
outer shell

Au nanolayer

Pyrex

Magnetic nucleus

(b)

(d)

(c)

(e)

15 µm 15 µm

(a)

Fig. 1. (a) Scheme of multilayer microwire. SEM images of FeSiB/
CoNi multilayer microwires: (b) FeSiB nucleus and glass cover, (c)
glass layer and CoNi outer shell, (d) CoNi outer shell, and (e) cross-
section view of the multilayer microstructure.
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density of the electroplating, whereas the thickness
is almost proportional to both time and current
density. Other parameters affecting the quality and
characteristics of the electroplating are the electro-
lyte temperature (optimal temperature of 40�C for
these alloys) and the mechanical stirring.26 In some
cases, a circular magnetic field is used during FeNi
electroplating to induce helical anisotropy.27

Here, we consider several biphase configurations:
soft/hard (Co67.06Fe3.84Ni1.44Si14.47B11.53/Co90Ni10

labeled as CoFe/CoNi and Fe77.5Si7.5B15/Co90Ni10

labeled as FeSiB/CoNi),14,15,17,18 soft/soft (Co67.06-

Fe3.84Ni1.44Si14.47B11.53/Fe20Ni80 labeled as CoFe/
FeNi and Fe76Si9B10P5/Fe20Ni80 labeled as FeSiBP/
FeNi),20,28 and hard/soft bimagnetic microwires
(Fe63Pt27Si10/Fe20Ni80 labeled as FePt/FeNi).24 Their
geometry characteristics are collected in Table I.

The amorphous microstructure of CoFeSiB and
FeSiB alloys (typical amorphous halo at around
45�C has been confirmed by x-ray diffraction (not
shown here).19 FeNi and CoNi alloys show fcc and
hexagonal close-packed crystalline structure.19,24

FePtSi alloy exhibits an as-cast disordered fcc phase
that transforms into to fct ordered phase after
15 min thermal treatment at 823 K.19,24

Nominal composition of different layers has been
verified by EDS, microanalysis at surface, and x-ray
fluorescence analysis of the full volume (not shown
here).19,20

STATIC MAGNETIC PROPERTIES

Static and low-frequency magnetic properties
were studied in a vibrating sample magnetometer
(VSM) and by inductive fluxmetric techniques.
Hysteresis loops were carried out at: (I) high field to
analyze the biphase character and (II) low field
(with demagnetized or premagnetized hard phase)
to determine the magnetic interactions.

Major loops of biphase microwires present a typ-
ical two Barkhausen jumps behavior. In soft/hard
systems (see Fig. 2a), a low field jump corresponds
to magnetization reversal of the soft phase: CoFe,
FeSiB, or FeNi, whereas the wider jump at higher
field denotes the reversal process of harder phase
takes place: CoNi or FePt. In CoFe/FeNi soft/soft
system, both layers reverse magnetization at simi-
lar field range (FeNi presents higher permeabil-
ity),29 while in FeSiBP/FeNi, magnetization at the

outer shell reverses first followed by the single
Barkhausen jump of the nucleus.28 The fractional
section of each layer determines the amplitude of
each jump and the coercivity of the biphase sys-
tem.15,30

Minor loops, obtained after demagnetizing the
hard phase, show practically only the magnetization
process of the soft phase. Bistable magnetic behav-
ior, with a single giant Barkhausen jump, is
observed in positive-magnetostriction FeSiB nu-
cleus for small-thickness external hard phase
(Fig. 2b). Magnetization reversal occurs by depin-
ning of a single domain wall from the closure
structure at the end of the wire and its propaga-
tion.31–33 Its domain structure is composed of a
main axial core and a thinner radial outer shell as
defined by the fabrication stresses, induced by
quenching, drawing, and glass-cover. The relative
volume of that axial domain increases with the glass
cover thickness, producing a stronger longitudinal
anisotropy and resulting in higher remanence Mr

and switching field Hsw. The fractional radius Rc/R
of the axial core reversed by domain wall propaga-
tion is given by Rc=Rð Þ2¼ Mr=Msð Þ.3,34

The presence of CoNi layer tCoNi with increasing
thickness induces internal stresses rCoNi. The cor-
responding magnetoelastic anisotropy deteriorates
(progressive reduction of Mr and Hsw) and finally
destroys the bistable behavior (see Fig. 2b, d) with a
multidomain structure. According to the sign of
magnetostriction ks, rCoNi is tensile axial or com-
pressive transversal30 in character and its strength
(i.e., rCoNi = 400 MPa for tCoNi = 4.5 lm) is esti-
mated by:35,36

rCoNi ¼ a H2
sw0 �H2

sw

� ��
cDW (1)

where Hsw0 is the switching field of the single-phase
microwire, cDW is the energy density stored at the
domain wall, and a is a geometrical factor.

The magnetoelastic coupling was also analyzed in
the alternative soft/hard CoFe/CoNi biphase sys-
tem, where magnetostriction of the CoFe nucleus is
small and negative,17 and its domain structure is
characterized by a main circumferential domain but
containing an inner axial vortex structure.37,38 In
this case, the stresses induced by the CoNi external
layer give rise to an effective axial anisotropy that is
reflected in a progressive reduction with increasing
layer thickness of the circumferential anisotropy
field Hk and parallel increase of susceptibility v (i.e.,
Hk = 40 A/m and v = 11,000 for tCoNi = 11 lm).
Such stresses (i.e., rCoNi = 350 MPa for tCoNi =
11 lm) can be quantified by:

rCoNi ¼ �l0Ms Hk0 �Hkð Þ=3ks (2)

where Hk0 is the anisotropy field for the single
phase CoFe glass-coated microwire.

The presence of the external layer together with
that of the intermediate Pyrex layer is a source
of stresses at the nucleus when temperature is

Table I. Magnetic nucleus radius (Rn), intermediate
glass thickness (tg), and magnetic outer shell
thickness (tCoNi or tFeNi) of several biphase systems

Rn (lm) tg (lm) tCoNi/tFeNi (lm)

CoFe/CoNi 8.5 12 0–20
FeSiB/CoNi 6 9 0–20
FeSiBP/FeNi 7 12 0–7.5
CoFe/FeNi 7 2.5 0–6
FePt/FeNi 20 10 0–20
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modified (i.e., reduced). The thermoelastic stresses have
been ascribed to the different thermal expansion coeffi-
cients of the metallic nucleus (an = 12 9 10�6 K�1) and
the insulating glass cover (ag = 3 9 10�6 K�1).6,34,36

The evolution of magnetic properties with decreasing
temperature is mainly determined by the glass layer,
while the CoNi outer shell only modifies the initial
magnetic structure. In CoFe/CoNi (FeSiB/CoNi)
biphase systems, an increase of temperature reduces
Hk (Hsw), that is, induces a magnetoelastic axial
(circumferential) anisotropy. Therefore, the temper-
ature change plays the same role as that of the CoNi
thickness. Thermal stresses can be estimated using
previous expressions taking into account the tem-
perature dependence of the saturation magnetiza-
tion, Ms(T), and magnetostriction, ks(T).19

Finally, in the case of hard/soft, FePt/FeNi
biphase system, the magnetoelastic coupling during
the electroplating of the soft magnetic phase is
nearly negligible. The hard magnetic behavior of the
nucleus is governed by the magnetocrystalline
anisotropy of the L10 phase. On the other hand,
temperature changes only affect the magnetic
behavior of the FeNi outer shell, reducing rema-
nence and coercivity decreasing temperature.19,24

Parallel to the magnetoelastic coupling, the
magnetostatic interaction between magnetic phases
can be relevant.17,18 Its origin is found in the
uncompensated magnetic charges at the ends of a
premagnetized harder phase. They generate a
magnetostatic field that adds to the applied field

and biases the magnetic state of the soft phase.
Figure 2c shows the minor hysteresis loops of the
FeSiB/CoNi microwire (tCoNi = 2 lm) when the hard
phase is demagnetized and premagnetized at
±80 kA/m, respectively. The minor loop is shifted
toward positive (negative) field when the CoNi layer
has been magnetically saturated previously along
positive (negative) orientation; that is, the bias field
Hb is antiparallel to the magnetization of the hard
phase. Moreover, premagnetized wires show asym-
metric magnetization reversal. After positive pre-
magnetization, the magnetization reversal in the
lower branch (from negative to positive field) takes
place fully by domain wall propagation while the
upper branch (from positive to negative field), par-
tial region reverses by rotation followed by domain
wall propagation. Opposite behavior is found after
negative premagnetization. This asymmetry can be
explained by the inhomogeneity of the bias field
being stronger in the region close to the uncom-
pensated charges, and it forces such region to
reverse by rotation instead of domain wall propa-
gation.18

The magnetostatic bias depends strongly on the
CoNi layer thickness. The evolution of Hb with tCoNi

is observed in Fig. 2d: The bias field increases with
the thickness until critical tCoNi = 2 lm, reaching
maximum value of Hb = 112 A/m. The strong
reduction of Hb for CoNi layer thickness higher than
the critical value is correlated to a change of the
magnetic structure in the FeSiB nucleus, as was
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Fig. 2. Magnetic characterization for FeSiB/CoNi multilayer microwire: (a) major hysteresis loop showing bimagnetic phase nature, (b)
increasing magnetoelastic anisotropy with CoNi thickness can destroy bistability, (c) premagnetizing history determines the bias field of the soft
FeSiB core, and (d) evolution of switching Hsw and bias Hb fields with CoNi thickness.
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previously shown in the magnetoelastic analysis
(Fig. 2b). There, bistability and the single axial
domain disappear, leading to a change of magneti-
zation easy axis from axial to circumferential
direction. The same bias field evolution was
observed in the alternative CoFeSiB/CoNi soft/hard
biphase system, where a maximum Hb is measured
for tCoNi = 8 lm. The bias field was analytically
modeled in terms of the geometry of the biphase
system as:39

Hb ¼
pMe

sRnRT

V

Z1

0

dk

k2
J1ðkRnÞ

� J1ðkRTÞ �
RGC

RT
J1ðkRGCÞ

� �
1� ‘�kL
� �

(3)

where RGC = Rn + tg and V is the total volume of
microwire. Calculations predict a strong Hb depen-
dence on the thickness and length L of the hard
magnetic outer shell and, particularly, that it
reaches a maximum at a given critical thickness.

In the case of a soft/soft FeSiBP/FeNi biphase
system, the switching field Hsw of the nucleus can be
effectively controlled by the dipolar interaction with
the FeNi outer shell through its geometry (thickness
and length).28 Finally, in the hard/soft FePt/FeNi
biphase system with opposite magnetic configura-
tion, the magnetostatic field is created by the hard
nucleus and the shifted magnetization curves cor-
respond to the FeNi softer outer shell. The bias field
decreases strongly with FeNi thickness as was
expected: Thicker FeNi layers are less affected by Hb.

24

DYNAMIC MAGNETIC PROPERTIES

The study of magnetic properties of microwires
has been extended to the radio and microwave fre-
quency range for the case of soft/hard (CoFeSiB/
CoNi and FeSiB/CoNi) and soft/soft (CoFeSiB/FeNi)
biphase configurations. The presence of intermedi-
ate glass layer insulates electrically the internal
and external metallic layers, and it allows the
alternating current (AC) current excitation of the

nucleus whose permeability will be affected by the
magnetic interactions between metallic layers. Two
phenomena are studied: GMI and FMR.

GMI consists in the huge changes in the wire
impedance under the action of a static field or a
stress. Its origin in ultrasoft magnetic systems
relates with the variations of the skin effect40–42

observed when a high-frequency current flows along
the wire at the presence of static magnetic field. The
penetration depth d of the skin effect is given by
d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q=plF

p
, where for amorphous materials, the

resistivity q is relatively high and d< Rn at the
MHz frequency F range. In GMI configuration,
the AC current flows along the nucleus of the
biphase wire inducing an AC circumferential field,
exciting the circumferential permeability l. After
the action of a weak static field, permeability is
modified and consequently the skin effect penetra-
tion depth, with the final variation of impedance.

The protocol of GMI measurement is the same as
for static properties: The low-field GMI of the soft
nucleus is measured with the hard magnetic layer in
demagnetized or premagnetized state. Figure 3a
illustrates the GMI effect of CoFe/CoNi MM for tCoNi =
6 lm at 50 MHz. We observe a typical double peak
behavior, where the maximum impedance is achieved
at a static field balancing the circumferential anisot-
ropy field, Hk ¼ 2K=l0Ms. The magnetostatic bias
field Hb shifts GMI curves toward positive (negative)
field after positive (negative) premagnetization, as
expected. In addition, the GMI curves show asym-
metric behavior as a consequence of nonhomogeneous
Hb. So, the peak with lower (higher) intensity is re-
lated to the region close to the ends (center) with
stronger (weaker) Hb and lower (higher) susceptibil-
ity.43 The evolution of the bias field with the frequency
for selected tCoNi is plotted in Fig. 3b. First, for small
thickness, Hb is nearly constant in the whole fre-
quency range, and it shows a progressive increase
with tCoNi. The data obtained from GMI technique are
in agreement with static measurements for tCoNi

< 8 lm. We should note that the GMI technique only
analyzes the surface impedance while magnetometric
inductive techniques account for the whole magnetic
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Fig. 3. (a) Asymmetric magneto-impedance for CoFe/CoNi multilayer microwire after premagnetizing to saturation in both directions. (b) Bias
field evolution with frequency for different CoNi thickness.
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volume of the samples. Concerning the influence of the
magnetolastic coupling, the demagnetized GMI
curves exhibit a transition from double to single peak
as tCoNi increases (notshown here). Itdenotes a change
in the anisotropy from circular to axial.43 Finally, in
thecaseofFeSiB/CoNi biphase wires, theGMI effectof
FeSiB is very small. Its transition from single (axial
anisotropy) to double peak (circular anisotropy) GMI
observed with increasing tCoNi agrees with data in
Fig. 2b.

The engineering microwave properties of amor-
phous GCM have been previously reported in both
axial and circumferential radio frequency (RF) field
configurations.44–48 Here, we focus on the circular
configuration (circumferential radial-dependent AC
field generated by AC current flowing along the
ferromagnetic nucleus). The impedance measure-
ments have been performed using microstrip and
transmission coaxial line techniques connected to a
vector network analyzer. For more details in an
experimental setup, see Refs. 43, 49, and 50.

The nonmagnetostrictive CoFe microwires pres-
ent a single electromagnetic absorption in the fre-
quency range between 1 and 6 GHz for saturating
magnetic field in the range of kA/m. In turn, bista-
ble FeSiB microwires show FMR at higher fre-
quency range, 6–12 GHz, and even in the absence of
any applied static field, an effect that is labeled
natural FMR, in which the role of saturating field is
played by the strong axial anisotropy field.50,51

The presence of a second hard phase modifies the
microwave frequency response. Figure 4 illustrates
the impedance spectra (Real and Imaginary com-
ponents) for single phase CoFe GCM (Fig. 4a) and
biphase CoFe/CoNi MM with tCoNi = 1 lm at con-
stant field of 24 kA/m. The main resonance, FMR1,
at around 4 GHz corresponds to the excitation of
CoFe. The CoNi layer introduces a second peak at
lower frequency FMR2, 1.75 GHz.50

The impedance spectra of FeSiB/CoNi MM in
Fig. 5a show a third absorption peak, labeled in
principle as FMR3, at an intermediate frequency
between FMR1 and FMR2. To get deeper informa-
tion about the origin of the absorption phenomena,
experimental data have been fitted to the Kittel
relation52 for macrospin approach. Note that the
model for a cylinder is not valid because of the
presence of the strong skin effect, and we have to
consider a hollow cylinder tube being the model for
thin plate more suitable.48 In the particular case of
Ms � (H + Hk), the evolution of FMR frequency Fr

with static applied field H is given by:

Fr ¼
cl0

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðH þHkÞMs

p
(4)

where c is the gyromagnetic factor. From the fitting,
we can evaluate the saturation magnetization Ms

and the anisotropy field Hk. Figure 5b depicts the
square absorption frequencies as a function of H for
a single-phase FeSiB microwire and FeSiB/CoNi
biphase microwires. FMR, FMR1, and FMR3 curves
show similar Ms value (i.e., slope) close to the
expected value obtained from static VSM data,
l0Ms = 1.55 T. A remarkable difference is found
when extrapolating the two curves at F = 0. FMR
and FMR1 curves show positive extrapolated field,
Hk = 3 kA/m (i.e., axial anisotropy), while for FMR3,
the extrapolated negative value Hk = �18 kA/m
denotes a circumferential anisotropy. FMR2 curve
presents an anomalous small slope for which Kittel
relationship is no longer valid.29,53 The origin of
FMR2 absorption in CoFe/CoNi and FeSiB/CoNi has
been correlated to a capacitance effect between the
metallic layers, which depends on the Pyrex thick-
ness.29 CoNi absorption is not well defined owing to
the lack of magnetic saturation due to its harder
character. Multipeak electromagnetic absorption
was observed in soft/soft CoFeSiB/FeNi MM, where
FMR3 was ascribed to the excitation of FeNi outer
shell.53,54

TECHNOLOGICAL APPLICATIONS

Engineering Sensing Applications

Many applications of magnetic amorphous
microwires as sensing element have been proposed
during the last 30 years due to their unique mag-
netic properties. In microwires with high magneto-
striction ks, most of applications are related to
magnetic bistability where sharp voltage is induced
in pick-up coils during magnetization reversal, as
for example in switchers, rotation counters, position
and velocity sensors, security systems sensors, or
identification magnetic tag.55–57 Magnetostrictive
microwires are also proposed in delay lines and
sound velocity sensors,58 digitizers,59 direct current
(DC) current sensor,60 noncontact torsion sensors,
thermoelastic sensor, viscometer,61 and magneto-
elastic sensor for signature identification.62 Micro-
wires with vanishing ks are among the softest
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constant field of 24 kA/m.
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magnetic materials with a great potential for sensor
devices: (I) magnetic tip in SP-STM,63 (II) GMI-
based sensors as in GPS applications,64 (III) stress
impedance sensors for biomedical applications,64,65

and (IV) electromagnetic absorption for radar
devices.66 Very recently, a multifunctional (tempera-
ture and humidity) sensor based on hybrid magnetic
microwire/sol–gel TiO2 coating nanostructure has been
proposed.67 Multilayer microwires can be successfully
employed in various sensing applications. Here, we fo-
cus on two particular developments, namely, a multi-
functional sensor and the processing to achieve optimal
elements for orthogonal flux-gate sensor.

Multifunctional Sensors Based in Biphase
Microwires

A novel type of multifunctional sensor device was
proposed where the sensing element is a CoFe/CoNi
MM.68,69 The magnetization of the nearly nonhys-
teretic soft magnetic CoFe nucleus is very sensitive
to small changes of environment conditions (i.e.,
temperature, stress, and magnetic field), while the
CoNi hard outer shell plays a complementary role to
control its magnetic state. Two operational princi-
ples are used: (I) the modified small angle magne-
tization rotation (MSAMR) technique (temperature
and mechanical stress sensor)70 and (II) the asym-
metric magnetoimpedance (AMI) (position and
magnetic field sensor).

The MSAMR is based on the classical SAMR
method introduced by Narita,71 which was used for
many years to quantify almost vanishing ks. This
method required the axial magnetic saturation of a
soft core (i.e., by means of a DC axial field created by
a solenoid), and the application of small amplitude
AC transverse field (i.e., by means of Helmholtz
coils or a current flowing along the sample72) to
induce small-amplitude oscillations of the magneti-
zation. The amplitude of oscillations depends on the
static field or mechanical stress to be sensed typi-
cally by a pick-up coil wounded around the wire.

In the MSAMR method, the saturating field and
stress are provided by the stray field and the stress

introduced by the hard phase.68,69 The extremely
simple scheme is shown in Fig. 6a. The MM sensor
element was connected to an LCR analyzer that, at
the same time, procured the flow of AC current
through the wire nucleus and gave an impedance
reading of the nucleus itself.

Figure 6b depicts the temperature-induced
change of fractional inductance of the core. Such
variation is magnetoelastically induced by the
stresses arising from the different thermal expan-
sion coefficient of the multilayer microwire (see the
‘‘Static Magnetic Properties’’ section). We observe a
noticeable increase (6.3%/�C) of inductance around
human body temperature, which is compared to
negligible effect in single phase wire. Also, the
temperature sensor shows a fast and efficient
response (time constant s = 0.7 s for DT =
25�C.68,69,73 In addition, the sensor can be used
simultaneously to sense tensile (Fig. 6c) and tor-
sional (Fig. 6d) stresses profiting of the suitable
magnetostrictive behavior of these microwires.74

A second method makes use of the AMI effect (see
the ‘‘Dynamic Magnetic Properties’’ section). Single-
phase CoFe GCM presents symmetric double-peak
behavior, while in asymmetric GMI, we profit of the
large variation of impedance with static magnetic
field as well as its linear dependence facilitates the
signal recording. Several alternatives have been
proposed to achieve AMI: (I) using a pulse bias cir-
cuit,64 (II) applying DC current,75 and (III) analyz-
ing the diagonal component of impedance using
pick-up coil wounded around microwire.76 These
methods request additional electronics, sometimes a
higher power consumption and difficulties in the
positioning of the magnet. In the case of biphase
microwires, the stray field of the CoNi outer shell
produces straight such AMI response around zero
static field (see Fig. 6e) without additional elec-
tronic components.43 The optimum result, with lin-
ear impedance change around 50%, was found in
CoFe/CoNi MM with tCoNi = 4 lm.

Functional sensors based on biphase systems
have been tested for biomedical applications in
monitoring the cardiorespiratory activity and rapid
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eye movement (REM) phases.77,78 In general, sensor
devices based in biphase microwires present
advantages as high sensitivity, quick response time,
simplified and robust technology, reduced fabrica-
tion cost, easy integration in miniaturized devices,
and a multifunctional character.

Fluxgate Based in Multilayer Microwire

Fluxgates are widely employed very sensitive
magnetic field sensors.79 They are usually classified
into parallel and orthogonal ones depending on the
relative orientation of excitation and sensed fields.
While many applications are based on parallel
fluxgates because of their good properties, orthogo-
nal fluxgates have been recently rediscovered
thanks to the use of magnetic microwire as core
instead of bulk cylinders.80

The sensing element consists of a magnetic micro-
wire where an AC current flows along the wire, gen-
erating the circumferential excitation field that avoids
the need of any excitation coil (a pickup coil is still
necessary to measure the variation of longitudinal

field). Glass-coated bimetallic microwires offer an
additional advantage. They are composed of a Pyrex-
coated Cu microwire core covered by a relatively
thin soft magnetic material layer, typically Permalloy
as in previous biphase microwires. The Cu core
carries the AC current (the thin Pyrex coat insulates
both metallic layers) that results in the circular mag-
netic saturation of Permalloy.27

The microwire can work in coil-less fluxgate mode
(i.e., without the need of any coil) if the magnetic
outer layer exhibits helical anisotropy. In that case,
under an applied longitudinal field to be sensed,
circular magnetization changes owing to the helical
anisotropy. There, an output signal is received from
the ends of the external Py layer which is propor-
tional to changes in the circular magnetization of
the wire. Such helical anisotropy can be achieved by
mechanically twisting the wire. However, that
method shows a sensor stability drawback. An
alternative technique has been proposed where an
intrinsic helical anisotropy is induced during the Py
electroplating by (I) a helical magnetic field
(superposition of a longitudinal field generated by a
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Helmholtz coil and a circumferential field produced
by a DC current flowing through the Cu core) (see
Fig. 7a)81,82 and (II) an applied torque to the mul-
tilayer microwire that is afterward relieved so
keeping a helical backstress (see Fig. 7b).20,83 In
both cases, second harmonics signal evolves linearly
with magnetic field in a range that can be tuned by
Py electroplating parameters.

FINAL CONCLUSIONS AND PERSPECTIVES

An overview on the new family of magnetic
microwires with multilayer bimagnetic character-
istics has been presented. That includes preparation
and processing, static and dynamic magnetic prop-
erties, and some examples of their application in
sensor devices. Regarding the preparation proce-
dures, we should emphasize that to achieve the
multilayer character several complementary tech-
niques are employed, namely, quenching and
drawing (precursor glass-coated magnetic/metallic
core microwire), sputtering (Au metallic intermedi-
ate nanolayer), and electroplating (magnetic exter-
nal microtube). Such techniques enable the
preparation of layers with different soft/hard mag-
netic character allowing us to tune the properties of
the biphase microwires. The structure/magnetic
characteristics of individual phases can be opti-
mized by specific thermal treatment processing to
(I) grow new structural phase with hard magnetic
character at the magnetic core (simple thermal
treatment) or (II) induce suitable helical anisotropy
at the magnetic shell (helical magnetic field
annealing or torsion annealing). Very recently,
alternative hard magnetic outer shells of CoPt and
CoPtCu have been prepared by direct sputtering
onto glass-coated microwire and subsequently heat
treated to grow highly anisotropic L10 phase,
achieving a hard phase coercivity of 10 kA/m.84

The magnetic behavior of biphase microwires is
essentially characterized by two main magnetiza-
tion reversal processes corresponding to the indi-
vidual phases, their respective magnetization
reversal and coercivity mechanisms being deter-
mined by their soft/hard nature. Different magnetic
configurations have been explored: soft (nucleus)/
hard (outer shell), hard/soft, and soft/soft. However,
one can take advantage of the magnetic interactions
between phases to play in a relevant way to suit the
soft magnetic core behavior: For example, it can be
biased through the hard phase stray fields, or
magnetic bistability can be either destroyed or
generated through the magnetoelastic anisotropy
induced by the external phase. Apart from the soft/
hard magnetic nature of each magnetic phase, an
appropriate tuning of that behavior can be achieved
by adequate thickness tailoring of each layer (i.e.,
intermediate Pyrex glass and/or external magnetic
layer).

The study of fundamental aspects of biphase micro-
wires still offers some open questions. In particular,

temperature-related effects seem of major relevance
and should be studied in detail. High temperature
induces reversible changes in the magneticanisotropy,
but also it can enable irreversible atomic diffusion
between interlayers.85 In turn, low-temperature mea-
surements allow us to get deeper information on
intrinsic magnitudes (spin waves, magnetic anisot-
ropy, and magnetic interactions).86 While the different
thermal expansion coefficients of layers have been
used to interpret the intrinsic magnetoelastic charac-
teristics of the microwires, it also offers an interesting
inverse effect where temperature changes gives rise to
mechanical oscillations.87

This new family of multilayer microwires was
obtained after years of research around the devel-
opment of new magnetic materials to be used as
sensing core elements in sensor devices. The possi-
bility to control the reversal magnetization of the
soft phase, through magnetic couplings induced by
the hard phase, makes this microwire ideal candi-
date in sensor technologies. Here, we have shown a
few examples where multilayer microwires are
employed as elements in multifunctional (tempera-
ture/tensile stress and torsion/position) sensors
based in specific properties (coil-less small angle
magnetization rotation and asymmetric magnet-
oimepdance), or in coil-less orthogonal fluxgates.

The versatility of properties and of their tailoring
makes multilayer bimagnetic microwires very use-
ful to the scientific and technological magnetic
community. The search for new processing of mi-
crowires to optimize their properties is open, and
imaginative alternatives will offer new opportuni-
ties in the near future.
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