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Spain

ABSTRACT: The past decade has witnessed increased research effort on
multiphase magnetoelectric (ME) composites. In this scope, this paper presents
the application of novel materials for the development of anisotropic
magnetoelectric sensors based on δ-FeO(OH)/P(VDF-TrFE) composites.
The composite is able to precisely determine the amplitude and direction of the
magnetic field. A new ME effect is reported in this study, as it emerges from the
magnetic rotation of the δ-FeO(OH) nanosheets inside the piezoelectric
P(VDF-TrFE) polymer matrix. δ-FeO(OH)/P(VDF-TrFE) composites with 1,
5, 10, and 20 δ-FeO(OH) filler weight percentage in three δ-FeO(OH)
alignment states (random, transversal, and longitudinal) have been developed.
Results have shown that the modulus of the piezoelectric response (10−24 pC·
N−1) is stable at least up to three months, the shape and magnetization
maximum value (3 emu·g−1) is dependent on δ-FeO(OH) content, and the
obtained ME voltage coefficient, with a maximum of ∼0.4 mV·cm−1·Oe−1, is
dependent on the incident magnetic field direction and intensity. In this way, the produced materials are suitable for innovative
anisotropic sensor and actuator applications.
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■ INTRODUCTION

The magnetoelectric (ME) effect is characterized by the
variation of the electrical polarization of a material in the
presence of an applied magnetic field.1−3 The opposite
phenomenon is also observed, i.e., a magnetization variation
is induced by applying an electric field. The effect can occur
intrinsically or extrinsically, mediated by the elastic coupling
between the magnetostrictive and the piezoelectric compo-
nents.4,5

Single-phase materials (intrinsic ME effect) are not very
interesting from the point of view of applications because they
have commonly weak ME coupling at room temperatures.6 To
avoid such a problem, a strong ME effect at room temperature
has been obtained in ME composites, in particular in those
composed by a piezoelectric and a magnetostrictive phase.4 In
such materials, a strain is induced on the magnetostrictive phase
once a magnetic field is applied to the composite.7 This strain is
transmitted to the piezoelectric constituent, which undergoes a
change in the electrical polarization.8 In an analogous way, the
reverse effect can occur: when an electric field is applied to the
composite, strain is induced in the piezoelectric phase, which is

transmitted to the magnetostrictive phase, leading to a change
in the magnetization.4

Actuators, magnetic memories, multifunctional sensors,
resonators, microwave and energy harvesting devices are the
main applications of ME materials.9,10 One of the main
applications of ME materials is nevertheless in the area of novel
magnetic sensors.4,7 When compared to other types of sensors
including search coils fluxgate, optical pumps, superconducting
quantum interference device, Hall-effect, magnetoresistance or
giant magneto-impedance magnetic sensors,4,7 ME sensors
offer unique and valuable characteristics such as low-cost
materials and fabrication, room-temperature response, low size,
self-powered and noncontact sensing, high sensing resolution
(pT), large dynamic range, good time stability, the possibility of
a flat frequency response, and reduction of the equivalent
magnetic noise.4,7,11
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Such ME composites used as magnetic sensors can be
ceramic-based or polymer-based.12 Polymer-based ME materi-
als have some advantages when compared to ceramic ones due
to their flexibility and the fact that they can be easily fabricated
by conventional low-temperature processing into a variety of
forms, such as thin sheets or molded shapes, with improved
mechanical properties.13 Three main types of ME polymer-
based composites can be found: polymer as a binder, laminates,
and particulate nanocomposites.4 All of them take advantage of
the good coupling between the magnetostrictive and piezo-
electric materials.
ME coefficients, ranging from 1 to 400 000 mV·cm−1·Oe−1,

obtained on polymer-based ME nanocomposites allow the
fabrication of magnetic sensors with enormous potential for
other byproducts related to them: electric current sensors,
speed sensors, angular sensors, electronic steering, throttle
control, battery management, vehicle transmission, digital
compasses, and GPS devices.4,14 Additionally it has been
reported that the ME magnetic sensors exhibit larger
application prospects in geomagnetic field measurements
when compared to traditional magnetic sensors such as
magnetoresistant sensors or fluxgate sensors.15−17 In general,
high ME anisotropy is critically necessary for ME single-axis
sensors, which are capable of probing the magnitude as well as
the direction of the magnetic field vector.16 This new concept
of anisotropic ME magnetic sensors, despite having high
interest in applications such as navigation, motion tracking,
sports, and healthcare, remains vaguely explored,16,18−20 with it
being not possible to find in literature reports on anisotropic
magnetic sensors built on ME polymer-based materials.
In the present work, the anisotropy of the ME response21 is

obtained by the introduction of magnetic nanosheets of
feroxyhyte (δ-FeO(OH)) in a poly[vinylidenefluoride-co-
trifluoroethylene] (P(VDF-TrFE)) piezoelectric matrix. The
ME effect on the δ-FeO(OH)/P(VDF-TrFE) composites will
not arise in the traditional way, by the coupling between the
magnetostriction and piezoelectricity, but instead by the
alignment of the feroxyhyte nanosheets, as a response to the
applied magnetic field, on the P(VDF-TrFE) matrix.
P(VDF-TrFE) was used as the piezoelectric phase because it

has one of the highest piezoelectric response among a small
class of polymers that exhibit piezoelectricity. Additionally,
when crystallized from the melt, this PVDF copolymer
crystallizes in the piezoelectric phase (being also ferroelectric),
which is an essential factor for the preparation of ME
composites.4,14

Feroxyhyte nanosheets were chosen as the magnetic
component because of their simple preparation method,
anisotropic magnetic response, and absence of magnetostrictive
properties as, in this way, the ME response emerges from the
rotation of the nanosheets and not from the magnetostriction.16

As a result, the development of δ-FeO(OH)/P(VDF-TrFE)
composites with anisotropic ME response, able to detect the
magnetic field amplitude and direction, is reported.

■ EXPERIMENTAL SECTION
(a). Nanoparticle Synthesis. The δ-FeO(OH) nanosheets were

synthesized using a polytetrafluoroethylene (PTFE) microfluidic
reactor by a liquid−gas segmented flow. Inlet flow A, composed of
an aqueous solution of 180 mM KNO3, 162 mM NaOH, and 1.85 mM
L-lysine, was mixed with an inlet flow B, which consisted of an aqueous
solution of 13 mM ferrous sulfate heptahydrate (with Fe2+ cations)
and 3.38 mM sulfuric acid (Figure 1).

Inlet flows A and B were injected in a Y junction with an O2 flow at
the proper flow rate to achieve a steady segmented flow. The
compartmentalized slugs were heated at 90 °C, obtaining at the
microreactor outlet an orange solution that was identified with a pure
feroxhyte phase. Afterward, the synthesized nanoparticles were
centrifuged at 10.000 rpm for 10 min, then washed twice with
distilled water, and finally resuspended in distilled water for further
use.

(b). Composite Preparation. The desired amount of the
magnetic phase (Figure 2a) was added to N,N-dimethylformamide

(DMF, pure grade, supplied by Fluka) and placed in an ultrasound
bath for 8 h in order to ensure a good dispersion of the nanosheets.
Flexible ME composite films were prepared (Figure 2b), with 1, 5, 10,
and 20 δ-FeO(OH) filler weight content (wt %); P(VDF-TrFE)
polymer (supplied by Solvay Solexis) was then added and mixed
during 2 h with the help of a mechanical Teflon stirrer in an
ultrasound bath to avoid the magnetic agglomeration during the
mixing process. After that, the solution was spread in a clean glass
substrate, and solvent evaporation and samples crystallization took
place at 80 °C while it was placed between the two coils of an
electromagnet to ensure the magnetic alignment along the length
direction (longitudinal-L samples, Figure 3a) and along the thickness
direction (transversal-T samples, Figure 3b) of the composite film of
the δ-FeO(OH) nanosheets. A sample with random δ-FeO(OH) filler
orientation was also prepared (A samples, Figure 3c).

During the alignment process, solvent evaporation occurred at 80
°C in order to obtain flexible films, without pores and with good
mechanical properties (Figure 2b).22 Polymer crystallization ended by

Figure 1. Schematic representation of the synthesis process of the
feroxyhyte nanosheets.

Figure 2. (a) Obtained feroxhyte nanosheets. (b) Flexible multiferroic
δ-FeO(OH)/P(VDF-TrFE) composite films.

Figure 3. Representation of (a) magnetic alignment along the length
direction; (b) magnetic alignment along the thickness direction; (c)
randomly oriented samples.
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cooling down films to room temperature. At the end of the process,
the flexible film was peeled from the glass substrate and a film with an
average thickness of ∼25 μm was obtained.
(c). Sample Characterization. The magnetic properties of the

nanoparticles were measured as dried powders after solvent
evaporation at different temperatures in a superconducting quantum
interference device (SQUID MPMS-5S, Quantum Design) from 0 to
40 000 Oe. The samples were measured in a gelatin capsule (a
diamagnetic correction for the sample holder was carried out).
Magnetic hysteresis loops (magnetization of the sample as a function
of the magnetic field strength) were evaluated at 37 °C.
The phases of iron oxide nanoparticles were identified by powder X-

ray diffraction. The X-ray patterns were collected between 20° and 80°
(2θ) in a D-Max Rigaku diffractometer with Cu Kα radiation. The
particle morphology and size distribution were determined by
transmission electron microscopy (TEM FEI-TECAI T20) operated
at 200 kV.
The morphology of composites was studied by scanning electron

microscopy (SEM) using a Quanta 650 FEI electron microscope with
acceleration voltage of 10 kV. Prior to SEM, the samples were coated
with gold by magnetron sputtering. Images were taken in three
different locations of the samples and at different magnifications to
ensure reproducibility of the observed morphological features.
The piezoelectric response (d33) of the samples was analyzed with a

wide range d33-meter (model 8000, APC Int Ltd.) after poling the ME
composites by corona poling at 10 kV during 120 min at 120 °C in a
homemade chamber and cooling down to room temperature under
applied field after an optimization procedure.23 To obtain the out-of-
plane ME coefficient α33, the first index indicating the collinear
ferroelectric poling and electrical measurement directions, and the
second indicating the applied magnetic field direction, dc and ac
magnetic fields were applied along the length of the sample, i.e., in the
same direction of the alignment of the nanosheets.
An ac driving magnetic field of 1 Oe amplitude at 7 kHz (resonance

of the composite) was provided by a pair of Helmholtz coils and
controlled by a signal generator. Such resonance was determined by eq
1,24,25

ρ≈f n l E( /2 ) /n Y (1)

where l is the length along the resonant direction, n is the order of the
harmonic mode, and ρ and EY are density and Young’s modulus,
respectively.
A dc field with a maximum value of 0.5 T was applied by an

electromagnet driven by a dc source. The induced ME voltage was
measured with a Standford Research Lock-in amplifier (SR530). The
magnetic field direction response on the ME response was studied by
rotating the samples (0−360°, Figure 4).
Prior to the ME measurements, δ-FeO(OH)/P(VDF-TrFE)

composites were coated by thermal evaporation with 5 mm diameter
circular Au electrodes onto both sides of the samples. Three samples

for each alignment state (L, T, and A) have been measured, and the
error in the obtained ME coefficient was <5%.

The rotation/deformation of the δ-FeO(OH) nanosheets was
determined based on the ME measurements presented above and the
theory proposed by Van Den Boomgaard et al.,26 Zubkov,27 and Ryu
et al.28 In this way, it is possible to determine the strain derivative, dS/
dH, through eq 2,

α=
× − × ×
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where mV, ε0, ε, EY, l, w, and t are the volume fraction of the δ-
FeO(OH) nanosheets, the vacuum permittivity, the relative
permittivity, the Young’s modulus, the length, the width, and the
thickness of the composite, respectively.

Assuming that the deformation (λ) generated by the rotation of the
δ-FeO(OH) nanosheets increases almost linearly with increasing
magnetic field until saturation is reached, λ can be determined by eq 3,

λ = ×⎜ ⎟⎛
⎝

⎞
⎠

S
H

B
d
d S (3)

where BS is the magnetic field at which the rotation saturation is
achieved.

■ RESULTS AND DISCUSSION
X-ray diffraction was used for nanosheet characterization
(Figure 5a).29 Figure 5a displays the X-ray patterns of the

synthesized nanopowders, showing the typical characteristic
structural parameters of the δ-FeO(OH) phase, with reflections
corresponding to planes (100), (101), (102), and (110).30

The morphology of the produced nanosheets was monitored
by TEM, whose images (Figure 5b) revealed an anisotropic
sheet structure with dimensions of the order of ∼50 nm × 70
nm × 5 nm. Such anisotropy will allow the magnetic alignment
of the nanosheets.31,32 SEM images (Figure 5c, d) reveal the
alignment of δ-FeO(OH) within the polymer matrix when the
δ-FeO(OH)/ P(VDF-TrFE) composites were prepared under

Figure 4. Schematic representation of the experimental setup used to
study the influence of the magnetic field direction on the ME response
of δ-FeO(OH)/P(VDF-TrFE) composites.

Figure 5. (a) X-ray powder diffraction patterns of feroxyhyte
nanosheets; (b) representative TEM images of the nanosheets; (c)
L alignment of the δ-FeO(OH) nanosheets within the P(VDF-TrFE)
matrix; (d) randomly distributed δ-FeO(OH) nanosheets within the
P(VDF-TrFE) matrix.
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a dc magnetic field (Figure 5c) during the material processing.
Further, a random nanoparticle distribution is observed in the
δ-FeO(OH)/P(VDF-TrFE) composites not submitted to the
dc magnetic field during processing, as shown by the random
microstructural features of Figure 5d, when compared to the
oriented ones in Figure 5c. At lower magnifications the
nanoparticles are not observed (and, therefore, the information
about nanoparticle orientation) and the same typical
morphology of P(VDF-TrFE) processed by solvent evapo-
ration at 80 °C is obtained for all samples.22 The magnetic
behavior of the obtained δ-FeO(OH)/P(VDF-TrFE) compo-
sites is represented in Figure 6.

The shape and magnetization maximum value (3 emu·g−1,
which corresponds to ∼20% of the maximum magnetization of
the pure δ-FeO(OH) nanosheets of the hysteresis loops
measured in the sample with randomly oriented nanosheets (A
samples)) demonstrate that the magnetic response is directly
proportional to filler content (Figure 6a). A very small
difference is detected between the randomly oriented sample
and the oriented samples (L and T), which can be attributed to
the magnetization through easy and hard magnetization
directions, respectively.18,19 As expected, for all compositions,
the magnetization saturation of the composite increases with
increasing δ-FeO(OH) content (Figure 6b). The nano-
composites showing negligible magnetic coercivity and
remanence and a magnetization saturating at 8000 Oe.
Because piezoelectricity is a fundamental requirement on ME

composites, the piezoelectric responses as a function of the δ-
FeO(OH) nanosheets content and over time for the δ-
FeO(OH)/P(VDF-TrFE) composites are shown in Figure 7.

Figure 7a reveals first an increase in the piezoelectric response
with increasing nanosheets content, as a result of the increased
dipolar orientation of the polymer matrix near the interface,25

due to the strong electrostatic interactions, reaching a
maximum value of ∼24 pC·N−1 (in modulus) in the sample
with 5 wt % of δ-FeO(OH). This effect is related to nanoscale
polarization contributions that have been proven to increase the
piezoelectric response.33−36 With increasing filler concentration
the piezoelectric response decreases due to an increasingly
defective and stiffer polymer matrix.25,37 Additionally, the
piezoelectric response of the polymer matrix is fully dependent
on the content of δ-FeO(OH) filler and independent of the
filler orientation. Such piezoelectric response is stable over
time, until at least 90 days (Figure 7b).
The ME response of the composite with 20 wt % of

nanosheets is represented as a function of the intensity of the
applied dc magnetic field and the magnetic field direction
(Figure 8). Figure 8a shows that the α value increases with the

applied dc magnetic field until reaching its maximum value (0.4
mV·cm−1·Oe−1) at ∼1800 Oe, with the α value remaining
approximately constant with increasing magnetic field.
The samples with 1, 5, and 10 wt % δ-FeO(OH) content

(with A, L, and T alignments) show no ME response, i.e., the
response is too small to be observed in the used experimental
setup. On composites with 20 wt % δ-FeO(OH), samples with
L alignment exhibit similar ME response to the samples with T
alignment; on the other hand, samples with no alignment (A
samples) show ∼50% lower ME response (Figure 8a).
The highest ME responses were observed when the dc

magnetic field was applied perpendicularly to the δ-FeO(OH)
length direction alignment (90° and 270°); no ME response
was observed when the magnetic field was applied parallel to
the alignment (0°, 180°, and 360°), and an intermediate ME
response was observed when the magnetic field was applied at
angles of 45°, 135°, 225°, and 315° relative to the δ-FeO(OH)
alignment (Figure 8b). Those observations are maintained for
L aligned samples. The ME response of the samples has been
measured to be stable, as the piezoelectric response, up to 90
days, with no relevant variation or aging over time. The ME
response angle sensitivity, such as the one represented in Figure
8b, recently proved its applicability on innovative anisotropic
magnetic sensors.16 For practical applications and in order to
distinguish, for example, the 45° angle from the 135° one, both
with the same ME response, two ME materials, X and Y, should
be integrated within the same magnetic sensor with a well-
known angle between them, with the comparison of the

Figure 6. (a) Room-temperature hysteresis loops for the composites
with 20 wt % of δ-FeO(OH) with A, L, and T alignments; (b) δ-
FeO(OH) wt % dependent saturation magnetization (Magnet-
izationSAT). The inset shows the derivative of the magnetization
curves of the aligned samples.

Figure 7. (a) δ-FeO(OH) wt % dependent modulus of piezoelectric
constant (d33) for the samples with nanosheets with A, L, and T
orientations); (b) modulus of the piezoelectric response over time
measured for all the δ-FeO(OH)/P(VDF-TrFE) composites with 20
wt % nanosheets content. It should be noted that the d33 value is
negative and is given as the modulus in the figures.

Figure 8. (a) ME response α as a function of the applied magnetic
field (parallel to the nanosheet length direction) for the T, L, and A
aligned composites, with 20 wt % of nanosheets. (b) ME response α,
for the T aligned composite, with 20 wt % of nanosheets, as a function
of the angle between the length direction of the δ-FeO(OH)
nanosheets and the dc magnetic field direction.
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materials response allowing the unambiguous determination of
the magnetic field direction.
Such behavior can be related with the impossibility/difficulty

of the magnetic moments reorientation and with the anisotropy
of the magnetization resulting from the crystallographic
restrictions for specific directions.38 Additionally, it is observed
that the ME response saturates at ∼1800 Oe, at the same
magnetic field value where the magnetization derivative reaches
its minimum (inset of Figure 6b). For higher fields, and
contrary to what happens with the usual ME composites
(constituted by piezoelectric and magnetostrictive materi-
als),4,23 the ME response does not decrease, maintaining its
maximum value. In this way, increasing the magnetic field from
∼1800 Oe will cause no additional substantial magnetization on
δ-FeO(OH) nanosheets,39 no rotation/movement is promoted,
no significant stress is induced on P(VDF-TrFE), and as a
consequence no additional ME response is detected. It should
be noted that this represents a novel ME response with respect
to that previously reported in the literature.
On the basis of eqs 2 and 3, is possible to determine the

strain produced by the rotation of the δ-FeO(OH) nanosheets
inside the polymer matrix (Table 1).

The results from Table 1 reveal small strains caused by the
rotation of the δ-FeO(OH) nanosheets on P(VDF-TrFE)
(∼0.2−0.5 ppm) when compared to the typical strains that are
transmitted to the piezoelectric polymers by magnetostrictive
nanoparticles. Nevertheless, this new ME concept allows the
development of polymer-based anisotropic sensors that meet all
the most challenging and innovative requirements of the actual
magnetic field sensors industry.4,15−17

■ CONCLUSIONS
δ-FeO(OH)/P(VDF-TrFE) magnetoelectic composites have
been produced by a simple low-temperature processing
method. The nanosheet fillers have been introduced in different
filler contents and alignment states (random, transversal, and
longitudinal). The piezoelectric response (10−24 pC·N−1), the
shape, and the magnetization maximum value (3 emu·g−1)
depend on δ-FeO(OH) content. The obtained ME voltage
coefficient, with a maximum of ∼0.4 mV·cm−1·Oe−1, depends
on filler content and alignment state as well as on both incident
magnetic field direction and intensity. Further, a new ME effect
is proposed based on the magnetic rotation of the δ-FeO(OH)
nanosheets inside the piezoelectric P(VDF-TrFE) polymer
matrix. As a conclusion, polymer composites suitable to be used
as magnetic field sensors for advanced applications have been
developed.
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