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Magneto-piezoresistivity in iron particle-filled silicone:
An alternative outlook for reading magnetic field intensity
and direction
V. Iannotti1, G. Ausanio1, L. Lanotte2, L. Lanotte1*
1

CNR-SPIN and Department of Physics, University of Naples ‘Federico II’, Piazzale V. Tecchio 80, I-80125 Napoli, Italy
Laboratoire Charles Coulomb, Université de Montpellier, Place Eugène Bataillon – Centre de Biochimie Structurale,
29 rue de Navacelles, 34095 Montpellier, France

2

Received 17 June 2015; accepted in revised form 26 August 2015

Abstract. Elastomagnetic effect (strain induced by magnetic field application) and piezoresistivity (change of electron conductivity due to an induced strain) are coupled in composite materials constituted by magnetic and conductive microparticles into an elastic matrix. On the basis of these effects, the principle of a new method to read magnetization direction
changes, in a random sequence, is proposed and experimentally demonstrated. We have produced new composite magnetopiezoresistive samples, constituted of thin chip shaped Fe microparticles inside a silicone matrix, which under an applied
magnetic field along their longitudinal axis, undergo an induced strain depending on the local magnetization direction. The
resulting resistivity change can be easily detected and used to deduce the local magnetization direction. The magnetization
and strain processes are reversible so that after the removal of external magnetizing field the sample is ready for new measurements. A demonstrator prototype has been conceived, produced and tested. The experimental results provide interesting
data encouraging to continue the research towards nano-scale devices in order to pursue the intriguing perspective to
achieve a magnetic field gradient sensitivity able to reveal magnetization of semipermanent nanomagnets, polarized ‘up’
and ‘down’.
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1. Introduction

On the other hand, composites made of magnetic particles homogeneously dispersed into an elastic matrix
(generally known as magnetorheologic materials)
present improved mechanical, thermal and magneto-electric properties under the application of an
external magnetic field, during the production or
onto the produced composite [11–14]. In particular,
the inverse elastomagnetic effect is exhibited: strain
appears when its state of magnetization is changed,
due to the alignment or rotation of magnetic particles and it is not depending on the intrinsic magnetostriction of the particles [15–19].

Composite materials based on polymer matrix filled
by conductive or magnetic micro/nano particles have
shown very interesting mechanical and electrical
properties [1–3], and are very promising for application in aeronautical, mechanical and civil engineering [4–7]. In particular, several investigations have
highlighted the existence of a giant piezoresistive
effect (the electron conductivity can change by
9 orders of magnitude) in composite materials constituted by a silicone matrix filled by conductive
microparticles at a volume fraction around percolation threshold [8–10].
*

Corresponding author, e-mail: lanotte@na.infn.it
© BME-PT

65

Iannotti et al. – eXPRESS Polymer Letters Vol.10, No.1 (2019) 65–71

When the filling particles inside the polymer matrix
are magnetic and conductive (Fe, Ni, FeSi, etc.) concomitant effects of piezoresistivity and elastomagnetism appear in the same sample, and their optimization is obtained by a proper combination of the
particle size, shape, volume fraction, magnetic permeability and electrical conductivity. In this way, if
the filling particles have no preferential orientation,
the application of a longitudinal gradient of magnetic induction produces a sample sensible elongation, independent of both intrinsic magnetostriction
and particle rotations. Indeed, this strain is prominently produced by the forces applied by the magnetic field gradient (elastomagnetism). As a result of
this strain, a decrease of average distance among the
particles and a consequent decrease in resistivity
occur (piezoresistivity). These are the fundamental
mechanisms in the coupling of elastomagnetism and
piezoresistivity which produce the magneto-piezoresistive (MPR) effect extensively treated in [20] and
[21]. A magneto-piezoresistive sensitivity (change
of resistivity on the inducing magnetic field gradient) higher than 1011 !m/T has been both predicted
by theoretical models and experimentally detected
[20, 21].
The main objective of this paper is to establish, by
means of some basic experiments in the millimeter
scale range, that the MPR effect can be used to detect
the change of magnetic polarization direction at a
magnetization intensity similar to that produced by
the semi-permanent nanomagnets of a magnetic
memory.
It does not seem easy to produce samples MPR
through the nanowires by keeping the used magnetic interaction between nano-particles of iron in
it, but there are some encouraging data in the literature [22, 23]. Nevertheless, the methodology, and
operation principles of the sensor proposed here, are
very promising and intriguing, and can constitute a
basic step to open new perspectives in the field of
magnetic reading heads with competitive performance and costs in comparison with standard GMR
spin valve.

Figure 1. SEM image of iron particles used as filling magnetic/conductive charge

99,99, cod.338141,Aldrich Chemical Company, Inc.,
U.S.A.) at room temperature and they exhibit a peculiar irregular shape similar to a shrunken little plate or
a chip (Figure 1). The elaboration of several SEM
images evidenced an average thickness of 7 µm and
an average size of particles major axis around
37 µm.
Magnetic particles, at the volume fraction of 39%,
were mechanically dispersed into liquid silicone
(Essil 291, Axon, France), and hand spatulated carefully for 1 hour, in order to obtain both a homogeneous particle distribution and a good intrusion of
silicone among the particle protrusions. After 1 hour
of degassing process, at a constant temperature of
40 °C, the solidification process of the polymeric
matrix was triggered by adding, and mixing for
20 minutes, a reticulating agent at a percentage of
12% (Essil 292 Catalyseur, Axon, France). Immediately after mixing with the crosslinking agent, the
mixture was slowly injected into a Teflon mould
2"2"25 mm3. The little bar of composite (polymer
matrix+magnetic particles) was peeled off from the
mould after 48 hours. The sample length can be easily reduced by a laboratory knife. All the process has
been described in some detail in previous papers [9,
20, 21]. No methodology has been applied to induce
a preferential orientation of the Fe microparticles;
therefore they resulted homogeneously distributed
and randomly oriented. The peculiar morphology of
magnetic particles used in this work is different from
the one employed in previous investigations (pseudospherical morphology with moderate roughness).

2. Experimental
2.1. Sample preparation

Iron micro-particles have been used as magnetic filling charge of the MPR composite samples used for
this investigation. They have been obtained by
mechanical crushing of a pure Fe foil (pureness
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The reason of this choice is to improve composite
material performances, delineated on the basis of
previous studies [9, 20, 21], in order to achieve three
specific characteristics: i) bigger size particles; ii) better silicone entrapping among particle cavities during the mechanical dispersion process to isolate
each particle from nearest ones; iii) lower transversal contraction able to give particle contact as consequence of the irregular surface protrusions; iv) preferential in plane magnetization of a single particle
due to shape anisotropy. The positive effects of these
listed material characteristics were verified by means
of the sample performance as will be shown and
discussed in Section 3.

tion status of the MPR material; in this status the sample resistance is R0. The magnets Mi (identical in size
and magnetization intensity to M) are embedded in
the Plexiglas holder P2 that can run perpendicularly
to the longitudinal axis of the MPR sensor core.
When a running magnet Mi becomes coaxial with the
sample, its magnetizing field adds to initial static
polarization induced by the fixed magnet M. As we
shall see in the following section, the sample length
was designed so that the fields of M and Mi affect
only a half of the sample, the one on the side of M
and Mi, respectively. On the basis of this experimental expedient, a different MPR core elongation is
obtained if the Mi magnetic moment is directed in
concordant or opposite direction with respect to M
magnetization. According to the MPR model [20, 21],
a different sample elongation determines a different
decrease of sample initial resistance R0. We will use
the symbol Rup for the sample resistance when M
and Mi magnetization directions are identical, while
we will use Rdown in case they are opposite.

2.2. Principles of the experimental
demonstrator
The experimental apparatus, specifically arranged
to demonstrate the potential of the sensors based on
the innovate elastomagnetic composite produced
for the present investigation, is shown in Figure 2.
The magnet M has a permanent magnetization intensity of 16·104 A/m. It produces an initial polariza-

3. Results and discussion

In Figure 3 the longitudinal magnetization cycle of
a MPR sample (2"2"6 mm3), produced as described
in Section 2, is reported. The magnetization behaviour appears strictly related to both the peculiar morphology of the particles, with a strong shape anisotropy, and the silicone matrix that enables only little
rotation of the particles towards the longitudinal
magnetizing field axis.
In agreement with these peculiar characteristics of
the innovative composite polymer produced for this

Figure 2. Scheme of the experimental arrangement used to
evaluate the capability of a MPR sensor to detect
local magnetization direction. S – MPR sample
(2 mm"2 mm"6 mm); M –#permanent magnet
(2 mm"2 mm"3 mm) producing a static polarization of the MPR sample; P1 –#Plexiglas matrix in
which M is fixed and S is free to have a variable
strain under the action of an additional external
magnetizing field; W–# microwires for conductive
contacts; pA –# HP picoammeter to measuring sample electrical resistance; P2 –#sliding Plexiglas
holder in which external magnets (Mi, similar to M)
are embedded; Mi = 1,2,3… –#permanent magnets
having magnetization direction concordant or
opposite to M static polarization; C –#mechanical
cursor enabling P2 displacement along y axis,
orthogonal to sample longitudinal axis (z).

Figure 3. Longitudinal magnetization cycle of the sample
constituted by iron microparticles in the volume
percentage of 39% homogeneously dispersed into
a silicone matrix. Coercive field is 3900 A/m and
saturation field higher than 1 MA/m.
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traction of the interested sample region which determines the conduction status of the MPR sample
when Mi action is absent. When the cursor runs and
a Mi magnet aligns with sample axis (Figure 2), its
presence does not modify the effect of the fixed
magnet M. Mi produces induction field gradient and
magnetization only in half the sample, the one closer
to Mi itself, and a consequent attractive force with a
l
component: F2z = $ Mz(%B0z/%z)dz. Since the change
l/2
of longitudinal magnetizing field, applied by Mi,
produces a sign change of both magnetization and
magnetic induction gradient, the last force does not
change in intensity and direction with direction
change of Mi magnetic moment (‘up’ or ‘down’). In
conclusion, the MPR core is attracted by the same
force towards Mi magnet in any case (‘up’ or ‘down’
configuration). The last attractive force produces
the same elongation of the MPR sample and an
equal resistance decrease.
On the other side, since magnetization cycles exhibit
a practically zero remnant magnetization (Figure 3),
one can deduce that, also if particle rotations in the
elastic matrix occur during the magnetization process,
whenever a magnetizing field zero is restored, particle orientations are always randomly distributed
around the longitudinal axis of magnetization. This
assures that the eventual particle rotations, during
the magnetization process in the half sample influenced by Mi gives always a sample elongation independent on magnetization direction. Consequently,
also the resistance decrease due to particle rotations
is independent of Mi moment direction.
In conclusion, what discriminates the condition ‘up’
from that ‘down’ is the fact that the total sensor core
strain is also determined by the internal attractive
forces that the polarized particles in half sample
apply to those ones on the other side. If M and Mi
produces the same magnetization directions (configuration ‘up’; Figure 5a; see the insert too), the iron
particles polarization is the same in all the sample:
internal attractive forces are produced that oppose
the fixed tensile stress applied by the external magnetic induction gradient and promote a decrement of
elongation. On the contrary, if magnetization directions of M and Mi are opposite (configuration ‘down’;
Figure 5b), iron micro-magnets inside the sample
half in proximity of M have a longitudinal magnetic
moment anti-parallel with respect those in the sample half closer Mi: repulsive internal forces are present that promote an increment of elongation. Thus,

investigation, one observes low values of both coercive field and remnant magnetization, together with
a progressive approach to saturation of the magnetization that, above 2·105 A/m, mainly increases for
rotation of magnetic moments towards the applied
field axis.
When the magnet M is in contact with the MPR sample S (see scheme in Figure 2) its magnetizing field
is not able to homogeneously magnetize all the composite material. In order to monitor this effect, an Hall
probe was placed on the MPR sample end located on
the opposite side of M magnet (see inset in Figure 4)
and, by using samples with variable length l, the magnetization induction B obtained in the MPR material versus the distance l from the magnet pole was
measured. Subsequently, the measure of magnetization induction B0 without MPR sample was performed. The graph in Figure 4 was obtained by calculating M = (B – B0)/µ0: at a distance of about
3 mm the magnetization is practically zero. Moreover, also the gradient of magnetic inductions B and
B0 are negligible at a distance from M higher than l/2.
This means that, when a magnet Mi is put on the
opposite side of M, one can predict the overlap of the
magnetization intensity as reported in Figure 5. Since
the sample has a length of 6 mm, practically the magnet M gives polarization of Fe particles in one half of
the sample, while magnet Mi influences the opposite half of the sample. Since the magnetic induction
gradient and the magnetization intensities are practically zero in the sample center, in any case the half
of the composite near M is always magnetized in the
same way and undertakes the same attractive force
towards M, whose longitudinal component is: F1z =
l/2
$ Mz(%B0z/%z)dz. This force gives an initial con0

Figure 4. Intensity of magnetization produced statically
inside the MPR sample as a function of the distance l from the magnet M
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Figure 5. Total behavior of magnetization longitudinal component along the MPR sample as function of the longitudinal
coordinate z, in the case of concordant magnetization direction of the external aligned magnets M and Mi (a) and
in the case of opposite magnetization directions (b)

in the last case (Mdown) the sample should have a
higher elongation and, on turn, a higher decrease of
resistance in comparison with the decrement produced in the condition ‘up’.
The scheme in Figure 5 is very effective in explaining the experimental evidences as we will describe
below.
The MPR sample resistance has been detected by
means of the experimental apparatus described in
Section 2, at a displacement velocity of the cursor
C+P2 fixed at 1 mm/10 s.
In Figure 6, R behaviour versus the displacement
along y axis is reported, starting from the position
shown in Figure 2, namely when the P2 hole in front
of the MPR sample is an empty one. On the same
figure, along the y axis, the different Mi magnets position is shown, in order to deduce the relative position of external magnets with respect to the sensor
core longitudinal axis and their different magnetic
polarization directions.
The experimental points are centered in the average
R value obtained by several measurement runs. The
error bars are contained into the graph point size.
The effects of Mup or Mdown magnets on sample
resistance, qualitatively predicted above, are completely verified.
In particular, the resistance decrease (R0 –#Rup), produced by the alignment of Mup magnets with sensor
core axis, is around 450 k!; while, Mdown magnets
alignment gives (R0 –#Rdown) higher than 700 k!. Rup
and Rdown values have an average difference higher
than 250 k!. This enable an easy detection of the
Mup or Mdown alignment and a clear discrimination

Figure 6. Resistance R of the MPR core measured versus
the displacement &y of the Mi magnets, that, sliding along the y axis (Figure 2), align with the
sample z axis, in the sequence reported on the
bottom of the figure

between the two cases. Moreover, also the signals
produced by a sequence of equal polarization directions, Mup –#Mup, or Mdown –#Mdown, can be effectively read. In fact, the two correspondent R minima
are well separated by a relative maximum, the
amplitude of which, in all cases, exceeds 140 k!
(&up and &down in Figure 6).
The running Mi magnets simulate a sequence of
registered bits in a magnetic memory and the MPR
core works as a reading head, obviously, with a
scale factor of about 104. Since polymer wires with
diameter of 100–200 nm have been already produced [22], as well as iron nanoparticles assembly
could maintain magnetic stability down to size of
10–20 nm [23], even if its realization is complex, in
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principle it is not to be excluded that the miniaturization of the MPR sensitive core, described in this
paper, can achieve similar functionality.
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4. Conclusions

A MPR magneto-elastomer constituted by Fe microparticles dispersed into a silicone matrix, at the volume percentage near percolation threshold, was
produced on the basis of previous investigation,
selecting the particle shape in order to have two
main effects: i) improve the capability of entrapping a thin silicone layer among the particles in spite
of the high particle density; ii) to give a good magnetization intensity at a moderate external field with
a practically reversible magnetization process. A
proper experimental system was built in which the
MPR material is used as core of a sensor. The last is
able to read the magnetization direction in a random
sequence of little permanent magnets, which are running orthogonally to the sample longitudinal axis.
The sensitive core has a constant square section and
its length was properly dimensioned in order that a
half of the MPR sample is statically magnetized by a
fixed permanent magnet, while the opposite half sample is influenced by the magnetizing field of the external magnets whose magnetization direction should
be detected. In this way, the interaction between the
two sample halves produces a different elastomagnetic strain distinguishing the external magnetization
direction concordant or opposite to the permanent
one. In turn, these strains produce different resistance
changes which can be detected to determine the exact
sequence of polarization directions. So that, if the little magnets are arranged in a binary code, it is easy
to read any registered sequence. Taking into account
the demonstrated sensitivity (about 1250 k!/T), the
obtained results constitute a stimulating basis to
study the effects of reduction in size, going down to
nano-range, on the reported principles and experimental methodology, deeply investigating the potentiality of MPR nanowire (also of different composition with respect that reported in this study) in
perspective of innovative and cheap reading heads.
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