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A magnetic biphase trilayer ribbon, consisting of a melt-spun FeSiB inner amorphous ribbon with
positive magnetostriction coated by two electroplated nickel layers with negative magnetostriction,
is here proposed as an element to be incorporated in temperature sensor devices. The inductance of
a small coil wounded around the trilayer is characterized as the sensitive parameter. The dependence
of coil’s inductance on the thickness of electroplated Ni has been evaluated in the range of
measuring temperatures of 0–70 °C, and optimum electroplating parameters were determined.
Magnetic characteristics are determined through the study of hysteresis loops, which denote the
presence of the two magnetic phases. The experimental results are interpreted considering a simple
magnetoelastic model taking into account the mechanical stresses arising from the different thermal
expansion coefficients of each magnetic phase. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2422905�

INTRODUCTION

Amorphous magnetically soft alloys are of technological
interest in a number of applications, as cores in small trans-
formers and motors, and particularly as sensing elements in
various devices profiting of their excellent magnetic response
at high frequency and their sensitivity to applied stresses.1–3

Due to their amorphous nature, magnetocrystalline aniso-
tropy averages to zero and magnetoelastic anisotropy, eme

���, proportional to magnetostriction � and to mechanical
stress � determines their general magnetic properties. Con-
sequently, amorphous alloys with large magnetostriction, as
the Fe–Si–B ones, are suitable to be used as elements in
magnetoelastic sensor devices. They can be used to sense
stresses1,4,5 and indirectly to evaluate properties associated
with the stress as, for example, flux of gases and liquids,
acceleration, curvature, etc.5–7 For a comprehensive survey
of magnetoelastic sensors see Ref. 8.

Bimetal sensing elements are currently used in a number
of applications.6,9 A particular useful case is that of trilayer
elements where a central layer is symmetrically covered by
two layers of a different material.10 These sensing elements
typically consist of a magnetostrictive layer �MSL�, for in-
stance, a melt-spun amorphous ribbon, and two counterlayers
�CLs� generally chosen to be nonmagnetic, which transfer
stress to the magnetic component. Typically, the layers are
fixed to each other by a suitable gluing layer �GL�, so that
the magnetic response of the MSL is modified as a conse-
quence of the magnetoelastic effect. These systems have
been proposed in thermal sensors based on the magnetoelas-
tic coupling arising from the different thermal expansion co-

efficients of MSL and CLs.7 Nevertheless, although a nice
response can be attained, a technical problem arises from the
gluing itself, because the GL absorbs a considerable fraction
of the stress, thus limiting the sensitivity of the element.
Besides, gluing may potentially lead to dissimilarities among
otherwise alike devices, or to nonrepetitive performances,
due to slight differences among the GLs and their degrada-
tion with aging.7

In the present work, a type of bimagnetic magnetostric-
tive trilayer sensing elements is proposed. A first innovation
has been the use of the electrodeposition technique to grow
the counterlayers onto the central magnetic layer, that is
without an intermediate GL, following a methodology em-
ployed to produce multilayer magnetic microwires.11 Simul-
taneously, this innovation is also being used to show the
magnetostatic coupling between magnetic layers.12 The pro-
posed fabrication method produces more robust devices,
with repetitive and enhanced sensing performance. A second
innovation is that the counterlayers have been here selected
to exhibit also significant magnetostriction whose sign is op-
posite to that of the MSL. This leads to additional coopera-
tive changes in the magnetic state �i.e., permeability� of the
trilayer when submitted to stresses of thermal origin. It also
allows us to select materials with not so different thermal
expansion coefficients and therefore to keep the thermal
stress at sufficiently low values as to produce an approxi-
mately linear dependence of permeability versus stress. In
this way, the exclusion of relatively high stress values not
only favors the durability of sensing elements but also gives
rise to an approximately linear response to temperature
changes.

The temperature dependence of the inductance of a
pickup coil wounded around the sensing element, propor-a�Electronic mail: pmendoza@fisica.unlp.edu.ar
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tional to its permeability, has been determined in the tem-
perature range between 0 and 70 °C. For this particular ex-
periment we have electroplated a negative magnetostriction
nickel layer on each side of a positive magnetostriction melt-
spun Fe75Si15B10 amorphous ribbon. Experiments have been
performed for different times and density electrodeposition
currents to control the counterlayer’s thickness and its prop-
erties.

We have developed a simple magnetic model that intro-
duces a semiquantitative interpretation of the thermal and
magnetoelastic features of the composite material, particu-
larly the trilayer susceptibility and coil inductance depen-
dences on temperature and CL thickness. This model gives a
fair account for the experimental finding of the existence of
an optimum CL thickness value.

EXPERIMENTAL METHODS AND RESULTS

An amorphous alloy ribbon with Fe75Si15B10 nominal
composition, positive magnetostriction �am� +32�10−6,
thermal expansion coefficient �am=11.8�10−6 K−1, and
Young’s modulus Eam�160 GPa, has been selected for the
inner magnetic layer, MSL. The mother alloy was prepared
by arc melting the constituent elements in argon atmosphere.
The amorphous ribbon was prepared in our laboratory by
melt spinning in argon atmosphere onto a single copper
wheel, rotating with a surface speed of 38 m/s. Final thick-
ness and width of the obtained samples have been dam

=22 �m and h=0.7 mm, respectively.
Two Ni layers �CLs� with nominal characteristics of

�Ni�−40�10−6, �Ni=13.4�10−6 K−1, and ENi�200 GPa,
were electrochemically grown onto each surface of the amor-
phous layer with the help of a especially designed electro-
chemical cell. The electrolyte composition was H3BO3

�45 g/ l�, NiCl2 ·6H2O �45 g/ l�, and NiSO4·6H2O �300 g/ l�,
and its temperature during electrodeposition was kept at
315 K. Thickness of the deposited cover was controlled
through the deposition time �ranging up to 2 h� and dc cur-
rent density �typically 0.24 mA/cm2� and measured with a
digital micrometer. The length of the trilayer was 28 mm.

The magnetic characterization of the trilayer elements
has been carried on with a vibrating sample magnetometer
�VSM� at room temperature under a maximum applied field
of 1 T. Figure 1 shows the low-field region of the hysteresis
loops of different trilayers for a range of Ni thickness. The
reduction of low-field susceptibility and remanent magneti-
zation with Ni thickness must be ascribed to the harder mag-
netic character of this element, as it will be later analyzed.

A pickup coil, 450 turns and 3 cm long, was wounded
around a glass capillary tube, 1 mm outer diameter, where
the trilayer was inserted. The inductance L of such a coil was
measured with an HP4284 LCR meter at a frequency of
10 kHz. Its experimental dependence on the thickness of the
electroplated Ni layers, measured at 18 °C, is shown in Fig.
2�a� �dots�. As observed, the inductance decreases monotoni-
cally with the Ni layer thickness.

To study the changes of the magnetic response of the
sensing element with temperature, we measured the tempera-
ture dependence of the coil’s inductance. The set composed

FIG. 1. Low-field region of the hysteresis loops for trilayers with different
Ni thicknesses.

FIG. 2. Dependence of the pickup coil inductance on Ni thickness �a� and
on temperature �b�. Experimental measurements �dots� and model prediction
�line� are shown.
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of pickup coil and trilayer was placed inside a de-ionized
water bath where the temperature was controlled between 0
and 70 °C. As an example, Fig. 2�b� shows the evolution of
the inductance with temperature for a sample with 13 �m
total Ni thickness.

MAGNETOELASTIC MODELING AND ANALYSIS
OF EXPERIMENTAL RESULTS

In this section we introduce a simple model in order to
interpret the previous experimental results, particularly those
related to the coil self-inductance, when the trilayer is used
as its core. This model is based on the magnetoelastic cou-
pling between the strongly bounded amorphous and Ni lay-
ers, and its effect on the trilayer permeability and therefore
on the coil inductance.

Since the chosen temperature interval for the study is
relatively small, �T�TC �where TC is the Curie temperature
of any of the system components�, and temperature itself is
well below TC, the model does not take into account the
small permeability changes arising from variations of satura-
tion magnetization with temperature.

When the temperature departs from electrodeposition
temperature Te, internal stresses arise owing to the mechani-
cal link among the MSL �amorphous� and CL �nickel� layers
and to their different thermal expansion coefficients. The
combined effect is to induce opposite stresses on the MSL
and CLs which are proportional to the thermal strains. Due to
the small thicknesses of the layers of our samples, we will
use, for the sake of simplicity, a model that assumes that the
stresses that arise in each one of them are distributed homo-
geneously generating a homogenous deformation of each
layer. Under these conditions, a simple analysis immediately
leads to the following expressions for the stress on each
layer:

�am = ��tri − �am�Eam�T , �1a�

�Ni = ��tri − �Ni�ENi�T , �1b�

where �tri is the trilayer system effective thermal expansion
coefficient and �T=T−Te. Applying the equilibrium condi-
tion among the forces acting on the layers is possible to
obtain an expression for �tri,

�tri =
�amEamdam + �NiENidNi

Eamdam + ENidNi
, �2�

where dam is the amorphous layer thickness and dNi is the
total Ni layer thickness �the thickness of each Ni layer is thus
dNi2�. Using Eq. �2� the stresses can be rewritten as

�am = ��Ni − �am�
EamENidNi

Eamdam + ENidNi
�T , �3a�

�Ni = ��am − �Ni�
EamENidam

Eamdam + ENidNi
�T . �3b�

As a consequence of the appearance of such stresses, the
corresponding magnetoelastic contribution to the energy den-
sity, eme���, will modify the composite magnetic response,
in particular, its effective permeability �, which will be a

function of T and dNi. Therefore, the self-inductance L of a
pickup coil having the trilayer as its core will also depend on
these two quantities, as it is indeed experimentally observed
�see Figs. 2�a� and 2�b��.

In Eqs. �3�, stresses depend on the elastic modulus of
each component, on the temperature, and on the thickness of
plated Ni. Considering the particular parameters of the lay-
ers, an estimation of the stress arising in the amorphous rib-
bon as a function of the Ni thickness and of the temperature
is presented in Fig. 3.

For the range of small induced stresses �note that they
remain below 10 MPa�, relative permeability �r=�r����
=����� /�0 of each layer can be assumed to exhibit a linear
evolution with stress as

�am
r = �am

r� + �am�am�am, �4a�

�Ni
r = �Ni

r� + �Ni�Ni�Ni, �4b�

where � is a positive proportionality constant, and �r�
=�r��=0� is the relative permeability of the material at zero
applied stress �in our case, for T=Te�. In fact, from available
experimental data on Ni magnetization and magnetostriction
under applied stress,13 the approximate linearity between �r

and � as well as the constancy of � �within about 1%� can be
confirmed for the stresses appearing under our working con-
ditions. It is even possible to estimate the stress derivative of
relative permeability and from it, knowing �, �= �1/��
����r /����1 Pa−1.

Introducing Eqs. �3� into Eqs. �4� we can express the
relative permeability for each layer as

�am
r = �am

r� + �am�am��Ni − �am�
EamENidNi

Eamdam + ENidNi
�T , �5a�

�Ni
r = �Ni

r� + �Ni�Ni��am − �Ni�
EamENidam

Eamdam + ENidNi
�T . �5b�

In order to correlate the trilayer permeability with the
coil’s inductance, let us consider a solenoid of N turns and

FIG. 3. Stress developed in the amorphous ribbon as a function of Ni thick-
ness and temperature, calculated through Eq. �3a�.
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length l, along which a current i circulates creating at its
central region a longitudinal magnetic field H= iN / l. The
trilayer ribbon is placed inside that region of the solenoid,
which picks up a total flux that can be expressed as the
addition of the fluxes across air, amorphous, and nickel, 	
=	0+	am+	Ni. Then, then coil’s inductance L can be ex-
pressed as

L��oAo + �amAam + �NiANi�N2/l �6�

and corresponds to three inductances in series L0, Lam, and
LNi, being A0, Aam=hdam, and ANi=hdNi the coil fractional
cross sections filled with air, amorphous, and Ni, respec-
tively.

Introducing Eqs. �5� into Eq. �6�, we obtain

L

�oN2/l
= Ao + �am

r� damh + �Ni� dNih + h��Ni − �am�

�
EamdamENidNi

Eamdam + ENidNi
��am�am − �Ni�Ni��T − Te� ,

�7�

where h is the trilayer width.
Equation �7� allows us to evaluate the coil self-

inductance as a function of dNi and T and to compare it with
the experimental data. The coil’s inductance can be rewritten
in a general form as

L�T� = LTe
�1 + 
e�T − Te�� , �8�

being LTe
the inductance at T=Te,

LTe
= ��oAo + �am� Aam + �Ni� ANi�N2/l , �9�

and 
e the sensitivity of the coil’s inductance to temperature,


e =
��Ni − �am���am�am − �Ni�Ni�

Ao + �am
r� Aam + �Ni

r�ANi
� EamAamENiANi

Eamdam + ENidNi
� .

�10�

Equation �8� expresses that for modest temperature changes,
when induced stresses are small enough, a linear temperature
response of the inductance is expected. This has been clearly
verified in the experiments. The experimental data shown in
Fig. 2�b� have been fitted to a linear function with a tempera-
ture sensitivity of the coil of 
0=9.75�10−3 K−1 and T0

=276 K �in the fitting, the reference temperature is 276 K
instead of Te�. The percent sensitivity, defined as the frac-
tional change of inductance per temperature unit,
��L /L�T��%�=100��L−L0� /L0��1/ �T−T0��=100
0, is of
about 1% K−1 and remains nearly constant in the whole in-
vestigated temperature interval. This value enables the sens-
ing of temperature by using standard, nonexpensive meters.10

Let us now analyze the influence of Ni thickness. Figure
2�a� illustrates the evolution predicted by Eq. �7� of induc-
tance with Ni layer thickness and its comparison with the
experimental result. As observed and in spite of the simplic-
ity of the model, it is remarkable that it reproduces the main
characteristics of the inductance experimental dependences
on T and dNi. As a function of dNi, the inductance first de-
creases from its initial value �coil filled with air and the
amorphous ribbon� due to the increase of the magnetoelastic

effect �fourth term of the equation� and, beyond 30 �m, it
increases because this effect begins to saturate while the one
originated by the replacement of Ni for air �third term� be-
comes dominant.

It is also possible to carry out a deeper analysis of the
sensor sensitivity. Measurements of the sensitivity for differ-
ent Ni thicknesses were carried out �Fig. 4�. They show that
optimum sensitivity 
max is achieved for a finite Ni layer
thickness, dNi

max. In this figure we also show the curve 
 ver-
sus dNi obtained from Eq. �10�. This curve agrees semiquan-
titatively with the experimental results, displaying a 
max

value for a thickness dNi
max, which is obtained from the con-

dition �
e /�dNi=0,

dNi
max = �Eamdam�Ao�o + hdam�am�/�ENih�Ni��1/2. �11�

Furthermore, the experimental and the model predicted dNi
max

values are in reasonable agreement, both having values of
around 25 �m.

The experimental sensitivity peaks are rather sharp, in-
dicating that the thickness of the electrodeposited layers
must be carefully estimated and controlled. Sensor sensitiv-
ity measurements for different electrodeposition current den-
sities, below 1 mA/cm−2, have been carried out. We found
that the dNi

max value also depends on the current density, al-
though it remained within 5–30 �m for this range of current
densities. It is well known that mechanical characteristics of
materials �hardness, Young’s modulus, percent of elastic re-
covery, etc.� are intimately related to microstructural proper-
ties �grain size, preferred grain orientation, grain boundaries,
global materials density, dislocation density, etc�, properties
which are expected to depend on deposition speed, i.e., on
current density. Thus, current density may provide a means
of controlling sensing properties via the microstructure.13 On
the other hand, we have found that the experimental 
max

values were nearly nondependent on current density; there-
fore high densities may be preferred for sensing element in-
dustrial production in order to reduce the production time.

In order to gain direct information on the role of the Ni
layer thickness on the permeability of the trilayer system and

FIG. 4. Sensitivity 
0 as a function of Ni thickness. Experimental measure-
ments �dots� and model prediction �line� are shown.
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other basic properties, the analysis of magnetic data from
hysteresis loops is presented. Saturation magnetization, Mstri

,
was estimated by examining the high-field region of the hys-
teresis loops �see Fig. 5�. Mstri

values decrease monotonically
with Ni layer thickness as expected from the particular val-
ues of the saturation magnetization �Msam

,MsNi
� of the amor-

phous alloy and Ni, since Msam
�MsNi

. An analysis of the
evolution of Mstri

with Ni thickness can be done taking into
account the fractional contributions from the amorphous and
Ni layers as

Mstri
= �Msam

dam + MsNi
dNi�/�dam + dNi� . �12�

A fitting of Eq. �12� to experimental data is shown in Fig. 5,
where the optimum values obtained for the fitting parameters
are Msam

=1153±4 and MsNi
=500±10 kA/m, in fair agree-

ment with the reported values of saturation magnetizations of
Fe75Si15B10 amorphous alloy14 and of fcc-Ni.15 This suggests
that the magnetoelastic effects on the saturation magnetiza-
tion values are negligible and also confirms the reliability of
the thickness measurements.

Additional information can be obtained by analyzing in
more detail the low-field region of the loops in Fig. 1. Low-
field susceptibility decreases noticeably with Ni layer thick-
ness, while a more moderate reduction of remanence is ob-
served �which at least in part arises from the reduction of
saturation magnetization shown in Fig. 5�. Figure 6 shows
the evolution of the experimental low-field susceptibility
with dNi. Susceptibility contains again two contributions:
from the amorphous and from the Ni layers,

�tot � �tot� = ��am� dam + �Ni
r dNi�/�dam + dNi� . �13�

From Eqs. �5� we can obtain the susceptibility Ni thick-
ness dependence,

�tot �
��am

r� dam + �Ni
r�dNi�

dam + dNi
+

��Ni − �am�
dam − dNi

��am�am − �Ni�Ni�

�
EamdamENidNi

Eamdam + ENidNi
�T − Te� . �14�

Figure 6 also illustrates the excellent agreement of the
susceptibility dependence on Ni thickness predicted by Eq.
�14� with data obtained from the experiment.

Variations of susceptibility and remanence can be as-
cribed to local anisotropy changes. In a free amorphous
FeSiB ribbon, local easy axes are determined by shape and
by melt-spun induced frozen-in stresses; on hypothetically
free Ni layers, magnetocrystalline anisotropy �along with the
distribution of grain orientations� as well as shape set the
easy axis directions. Electroplating and subsequent tempera-
ture reduction reduces the trilayer longitudinal anisotropy: in
the amorphous layer, compressive stress increases every-
where leading to an effective enhancement of transverse an-
isotropy. In the Ni layers transverse anisotropy appears and
increases as a consequence of the increasing applied tensile
stress. This mechanism reduces the trilayer response to an
external axial field, reducing susceptibility either as tempera-
ture drops or Ni thickness increases.

CONCLUSIONS

A bimagnetic ribbon sensing element is here introduced
consisting of an inner positive magnetostriction FeSiB amor-
phous ribbon onto which two symmetrical, negative magne-
tostriction, Ni layers are grown by electrodeposition. The
magnetic behavior has been characterized as a function of
temperature and Ni thickness.

The inductance of a coil wounded around the sensing
element has been used as the parameter to detect the changes
in the magnetic behavior. Within the studied temperature
range between 0 and 70 °C, inductance depends linearly on
temperature, with sensitivities of the order of 1% K−1. It was
found that the sensitivity has a maximum for a Ni thickness
of around 25 �m, whose precise value depends on elec-
trodeposition current density.

A simple physical model to interpret the experimentally
observed magnetoelastic response of the trilayer has been
developed. This model describes semiquantitatively well the
dependence of trilayer susceptibility and coil inductance on

FIG. 5. Dependence of trilayer saturation magnetization on Ni layer
thickness.

FIG. 6. Evolution of experimental initial susceptibility �dots� and model
prediction �line�, with thickness of Ni layer.
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Ni thickness dNi and on temperature. It also predicts and
explains the existence of a sensitivity maximum for a finite
value of the Ni thickness.

As a microcomposite material for sensors, the proposed
bimagnetic trilayer presents the following advantages. �i�
The use of MSL �amorphous� and CLs �nickel� with opposite
magnetostriction gives rise to a cooperative response leading
to an enhanced magnetic sensitivity to temperature changes.
According to the model, such enhanced response is given by
the factor ��am�am−�Ni�Ni�, present in the sensitivity expres-
sion. �ii� The enhanced response mentioned in �i� allows one
to select trilayer parameters which lead to an optimum in-
ductance response while keeping applied stress at low val-
ues, in favorable comparison to materials using nonmagnetic
CLs, either making the material more durable for a given
working temperature range, or increasing this range for a
given durability. �iii� Working under moderate applied stress,
as we did, it produces an approximately linear temperature
response, which facilitates practical implementation and the-
oretical analysis. �iv� We expect that electrodeposition of
CLs, as compared to gluing them, will produce more robust
trilayers and more predictable and repetitive behaviors.
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AUTHOR QUERIES — 253701JAP

#1 Au: PLEASE USE SPELL OUT FORM OF “C.C.”
#2 Au: JAP DOES NOT ALLOW CLAIMS OF NOVELTY. PLEASE CHECK OUR CHANGE.
#3 Au: PLEASE CHECK CHANGES IN Eq. �7�
#4 Au: PLEASE CHECK CHANGES IN Eq. �14�
#5 Au: PLEASE UPDATE REF. 12.
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