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Magnetoelectric (ME) composites are emerging as key functional materials for sustainable and low-power
spintronic systems. In this work, we investigate the role of printed electrode thickness in modulating the
direct and converse ME responses of flexible P(VDF-TrFE)-based nanocomposites with magnetostrictive fillers.
By implementing a scalable fabrication strategy combining Aerosol Jet Printing and photonic sintering, we
achieved a 270 % increase in the generated magnetic field (up to 34 Oe) and an 80 % enhancement in the
converse ME coefficient, reaching values above 9 mOe-cm-V L. These values surpass, by more than two orders of
magnitude, the electric-field threshold required for spin manipulation, underscoring the relevance of this
approach for energy-efficient spintronic operation.

In particular, the maximum magnetic field was generated under 20 V with nanowatt-level power consumption,
representing a reduction of up to 6 orders of magnitude compared to current-driven field generation methods.

The printed electrode structuring improves interfacial charge distribution while preserving the composite's
mechanical integrity and piezoelectric activity. This study demonstrates how principles rooted in De Magnete
can be translated into modern engineering strategies for the development of tunable, high-performance ME
devices, contributing to the advancement of sustainable electronics and next-generation energy systems.

James Clerk Maxwell then unified electricity and magnetism in his
electromagnetic theory in 1865, paving the way for numerous energy

1. Introduction

The study of magnetism, from ancient observations to modern
electrodynamics, has shaped our understanding of field-matter in-
teractions. Notably, William Gilbert's De Magnete laid the foundation for
structured magnetic control: an idea that remains relevant in the design
of magnetoelectric materials today [1]. The 19th century ushered in
revolutionary discoveries that shaped our modern understanding of
electromagnetism [2]. In 1820, Hans Christian @rsted uncovered the
relationship between electricity and magnetism, demonstrating that an
electric current could influence a magnetic needle [3]. This was fol-
lowed by Michael Faraday's discovery of electromagnetic induction in
1831, laying the groundwork for electric motors and generators [4].

generation, communication and data storage applications [5]. This
progression, from foundational magnetic theory to functional materials
design, mirrors the shift in modern chemical engineering toward the
development of tailored material systems for scalable device integration
and energy-efficient operation [6,7].

Building upon this rich legacy, the emergence of magnetoelectric
(ME) materials represents a transformative leap forward, allowing the
direct control of magnetism through electric fields and vice versa
[8-10]. This capability paves the way for transformative applications in
sensors, actuators, energy harvesters, and spintronic devices [11-14].

Polymer-based ME materials, particularly those combining
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piezoelectric polymers such as P(VDF-TrFE) with magnetostrictive ad-
ditives, offer distinct advantages over single-phase and ceramic-based
ME materials [9,15-17]. Unlike single-phase ME materials, which
typically exhibit weak coupling, and ceramics, which are brittle and
dense; polymer-based materials are lightweight, flexible, and mechani-
cally robust [18-20]. These attributes make them suitable for applica-
tions requiring mechanical adaptability, such as wearable devices and
flexible electronics [9,21].

Beyond polymer-based nanocomposites, other architectures, such as
multiferroic heterostructures, layered laminates, and origami/kirigami-
inspired structures, have also demonstrated significant ME performance
[22-24]. Comparative analysis of these systems highlights the unique
advantages of polymer-based nanocomposites, particularly in terms of
flexibility, tunability, ease of processing and compatibility with scalable
manufacturing methods, including printing [25].

Such ME nanocomposites offer a unique advantage in spintronic
applications, where efficient and precise control of magnetic states is
essential for advanced data storage, logic, and sensing technologies [8].
Although 0-3 ME composites typically exhibit lower ME coupling co-
efficients than 2-2 or 1-1 laminate architectures, they offer distinct
advantages for spintronic integration. Their mechanical flexibility en-
ables deposition on non-planar and deformable substrates, while
solution-based processing routes are compatible with scalable, low-
temperature fabrication. By enabling an electric-field-driven modula-
tion of magnetization, these materials eliminate the need for bulky

Direct
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external magnetic field generators, significantly reducing power con-
sumption [26]. Their tunable properties, mechanical flexibility, and
high ME coupling make them particularly suited for next-generation
spintronic devices that demand miniaturization and energy efficiency
[8,16,26]. More than just functional materials, ME nanocomposites
represent a paradigm shift in spintronic engineering, offering an envi-
ronmentally sustainable alternative that aligns with the increasing need
for low-power, high-performance electronics [8,27,28]. However, fully
exploiting the potential of these materials requires precise engineering
of the electrode architecture, as the efficiency of ME coupling is strongly
dependent on the electrode's thickness, material properties, and inte-
gration with the composite, with respect to the interface characteristics
[29]. Optimizing the electrode design is therefore crucial to enhancing
the ME response, ensuring efficient energy transfer and unlocking the
full capabilities of ME nanocomposites in spintronic devices [29].
Additionally, the proper electrode thickness enhances device stability,
longevity, and energy efficiency, while playing a fundamental role in
governing charge distribution, mechanical stability, and interfacial in-
teractions in ME composites [30-32]. However, a systematic investi-
gation of the influence of printed electrode architecture, particularly
thickness, on the ME response of flexible composites remains scarce,
despite its critical role in optimizing interfacial coupling and field gen-
eration efficiency.

While thinner electrodes allow for higher resonance frequencies,
they can compromise mechanical durability and field uniformity.

AR,
w—(

Fig. 1. Representative scheme of the proposed approach. i) Aerosol Jet printing of the thick conductive electrode optimizing charge distribution and interfacial
coupling; ii) photograph of the flexible ME sample with jet printed electrodes; iii) SEM image of the ME sample with jet printed electrodes (highlighted with red

ellipses); iv) Direct and converse ME effects.
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Conversely, thicker electrodes provide greater robustness and optimized
mass-loading effects, significantly improving the coupling between the
piezoelectric and magnetostrictive phases as a result of the optimization
of charge distribution and interfacial coupling [33-35]. Thus, properly
tuned electrode thickness maximizes the ME coupling coefficient,
making it a key parameter in the design of advanced ME systems not
only for spintronic devices but also for sensors, actuators and energy
harvesters [36,37] (Fig. 1).

The deposition of thick electrodes on piezoelectric composites, such
as P(VDF-TrFE)-based ones, by sputtering or thermal evaporation pre-
sents significant challenges due to the extended processing times and
elevated energy requirements, which can lead to depolarization of the
polymer matrix [38,39]. This depolarization negatively impacts the
piezoelectric properties, reducing the overall efficiency and reliability of
the ME composite [40]. Additionally, conventional high thermal and
mechanical stresses deposition techniques, such as sputtering, electron
beam evaporation, and thermal evaporation, may induce structural
deformations, compromising the polymer's functional integrity [41,42].

This creates a critical bottleneck in interface design, particularly
when aiming to maximize charge distribution, mechanical stability, and
long-term performance. Overcoming these limitations requires alterna-
tive, low-energy fabrication strategies capable of precisely structuring
conductive elements without degrading functional integrity. In this
context, Aerosol Jet Printing (AJP) emerges as an advanced and scalable
solution, enabling the deposition of thick, patterned electrodes at low
processing temperatures, with micrometric precision and excellent
material compatibility [43,44]. This non-contact technique not only
preserves the structural and functional integrity of piezoelectric poly-
mers, but also introduces new design freedom for interface engineering
[44,45]. Its integration into ME composite fabrication represents a smart
and versatile strategy bridging the gap between materials science and
advanced chemical engineering strategies for sustainable device
integration.

Thus, this study systematically investigates the impact of electrode
thickness in polymer-based ME composites, analyzing its effects on ME
coupling efficiency. We explore a range of magnetostrictive fillers and
employ advanced electrode deposition techniques such as photonic
curing to overcome conventional fabrication limitations [46]. This
approach not only overcomes the challenges of thick electrode fabrica-
tion but also enhances the performance and durability of ME systems,
making it a promising solution for developing robust and energy-
efficient devices.

For this purpose, we incorporated six distinct magnetostrictive fillers
(Table 1):

i) CoFep04 nanoparticles, selected for their high saturation
magnetization and remarkably high negative magnetostrictive
coefficient (—250 ppm), unparalleled among ferromagnetic
nanoparticles [47];

ii) Fe3O4 nanoparticles recognized for their superparamagnetic na-
ture and high magnetostriction of approximately 50 ppm [8];

iii) NdoFe 4B featuring moderate magnetostriction (20 ppm) and
elevated magnetic energy product. Its inclusion provides equi-
librium to the composite's overall performance by contributing to
both magnetostriction and high energy density [8];

Table 1
Size and magnetostrictive coefficient (1) of the magnetic particles used in this
study.

Filler Size (provided by the supplier) A (ppm)
CoFe,04 35-50 nm —250
Fe304 30 nm 50
NdyFe 4B 5 pm 20
Nig 5Zng sFe204 10-30 nm -8
NigoFe;,Mo3 70 160
Cog.5Zng. sFes04 30-50 nm 10
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iv) NiggFe;yMogs permalloy nanopowder with a magnetostriction of
160 ppm [48]. This material offers powerful magnetoelastic ef-
fects, enhancing the composite's overall sensitivity and improving
performance under lower magnetic field conditions.

v) NigsZngsFe;04 with a negative magnetostriction of —8 ppm
[49], which provides a unique tuning capability within the
composite system. The incorporation of Zn into the spinel ferrite
structure increases electrical resistivity while preserving magne-
toelastic coupling, thus minimizing eddy current losses and
enhancing energy efficiency in ME devices.

vi) Cog.5ZngsFe,04 nanopowder with a magnetostriction of 10 ppm.
Adding Zn to CoFe304 improves the magnetoelastic response and
increases the electrical resistivity resulting from the Zn doping on
the A-site of the spinel structure of CoFe;0O4 [50,51].

These additives were integrated within P(VDF-TrFE), a polymer
renowned for its exceptional piezoelectric properties [52,53] (|ds3| =
—38 pC-N! and surpassing all other polymers), chemical and physical
stability, and manufacturing versatility, including its suitability for 3D
printing techniques [52,54]. This polymer base offers remarkable me-
chanical pliability, highly suitable for bendable and body-worn sensor
applications [52]. Its inherent piezoelectric characteristics also amplify
the overall ME interaction within the composite structure [15,55].

2. Materials and methods
2.1. Materials

The foundational component for the nanocomposites, P(VDF-TrFE),
was obtained from Piezotech, consisting of 70 mol% vinylidene fluoride
and 30 mol% trifluoroethylene. Dimethylformamide (DMF), acquired
from Merck, served as the solvent for dissolving the polymer. The
magnetic additives integrated into the composite films encompassed
CoFe204 nanoparticles, FesO4 nanoparticles, Nd-Fe14B micropowder, Nio.
sZno.sFe204  nanoparticles, CogsZngsFesO4 nanopowder, and
NisoFei7Mos nanopowder. All these materials were obtained from
Nanostructured & Amorphous Materials Inc. (USA), with the exception
of the NdzFe1sB micropowder, which was sourced from Magnequench
GmbH (Germany). Size and magnetostrictive coefficient (A) of the
magnetic particles used in this study can be found in Table 1.

The selection of the six magnetostrictive fillers used in this study was
carefully made to cover a representative range of magnetostriction co-
efficients, magnetic behaviors (from soft to hard magnetic materials),
electrical resistivities, and particle sizes, all of which significantly in-
fluence the ME response.

2.2. Composite fabrication

Composite films were prepared by dispersing magnetostrictive ad-
ditives into 10 mL of DMF under ultrasonic treatment (Fisherbrand
FB15056 for 5 h), followed by mechanical stirring for 1 h with P(VDF-
TrFE) powder to ensure even distribution. Each ME composite con-
sisted of 20 wt% magnetostrictive filler and 80 wt% P(VDF-TrFE).
Composites with three different weight percentages (5, 10, and 20) of
CoFey04 were also prepared to examine the effect of varying magneto-
strictive nanoparticle content. The resulting mixture was then applied to
clean glass substrates using a doctor blade. After the solvent evapora-
tion, the films were heated at 215 °C for 10 min and then cooled at room
temperature. Once removed, the films displayed smooth, flexible, and
uniform surfaces with a final thickness maintained between 45 and 60
pm.

2.3. Electrode fabrication/deposition

The conductive layer was fabricated using a silver ink, Smart Screen
B (S-CS91349, Smart Aero, Genesink, 13106 Rousset Cedex, France)
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deposited via Aerosol Jet printing AJ300 (Optomec, Albuquerque). The
Aerosol Jet process utilizes aerodynamic focusing to deposit electronic
inks onto substrates with high accuracy. The ink is first placed into an
atomizer, which generates a dense mist of material-laden droplets
ranging from 1 to 5 pm in diameter. The system uses standard CAD data
converted into a vector-based tool path to guide a 2D or 3D motion
control system. This enables precise ink patterning, with printed fea-
tures ranging from 10 pm to several millimeters.

Smart Screen B is a sustainable conductive ink based on silver
nanoparticles (AgNP) designed for the printed electronics market. It is
particularly suitable for sensor manufacturing and applications
requiring high conductivity on flexible substrates and high resolution on
paper substrates at room-temperature curing temperatures.

The final thickness of the composite films prior to electroding was
maintained between 45 and 60 pm, as verified with a micrometer. This
consistent thickness, combined with the uniformity of the printed elec-
trode layer, ensures a stable geometry for ME coupling and facilitates
direct comparison across all samples.

The inks were printed using a broad deposition head with a 3 mm
nozzle, to cover the entire substrate centrally and rectangularly, an
adhesive tape was applied to the part not affected by spraying to keep
the sample still during printing.

Since the polymers used cannot withstand temperatures above 60 °C,
after being coated with ink, the samples are placed in an oven to dry at
50 °C for at least 4 h. The process was performed twice to both front and
back sides of the samples.

The samples subsequently are sintered and cured through the pho-
tonic sintering by PulseForge (Pulseforge 1300 — Novacentrix, Austin,
TX, USA).

After several tests, the best process parameters of PulseForge were
optimized: Potential 430 V; Envelope 3000 ps; uPulse 10 ps; Duty Cycle
25 %; Rate 0.3 Hz; and Repeat 15.

This setup also ensures that the temperature does not exceed 60 °C
for an extended period. The potential indicates the voltage applied to the
flash lamp, which determines the energy of the pulses emitted. Higher
voltage corresponds to more intense light and heat generation, which
can enhance the sintering or curing process, although, it must be
controlled to avoid material degradation. The envelope represents the
duration of the entire flash lamp pulse, including the rise and fall times.
This determines the total exposure time of the material to light. Shorter
envelopes minimize heat spread, while longer envelopes allow more
heat transfer into the substrate. Pulse refers to the duration of the single
pulse within the envelope that creates extreme but localized thermal
gradients. The duty cycle is the percentage of time the lamp is active
during each cycle, which contributes to balancing energy delivery and
the prevention of overheating. Pulse rate defines the number of pulses
per second. This parameter not only controls the rate of energy delivery
but also allows heat dissipation between pulses. Repetition represents
the number of times the entire pulsing process is repeated. More repe-
titions allow for cumulative energy delivery, ensuring proper sintering
or polymerization and minimizing damage to sensitive regions.

For morphological comparison purposes, conventional gold elec-
trodes were deposited on samples using a commercial Polaron model
SC502 sputter coater.

2.4. Characterization of ME composite films

The ME composites cross-sectional morphology and particle disper-
sion were examined using a Nova NanoSEM 200 scanning electron mi-
croscope (SEM). Before analysis, each film sample was immersed in
liquid nitrogen for 1 min and then cryogenically fractured to obtain a
clean fracture surface. This surface was coated with a thin layer of gold
palladium to enhance the quality of SEM inspection.

Differential scanning calorimetry (DSC) was used to thermally
characterize the produced ME composites. Measurements were per-
formed using a DSC 6000 PerkinElmer instrument, with a temperature

Chemical Engineering Journal 523 (2025) 166453

range of 30 to 220 °C, a heating rate of 10 °C.min-1, and a 20 mL.min-1
nitrogen flow. The films crystallinity (yc) was determined from the
melting enthalpy (AHf) using the following Eq. (1):

AH
Te = —L-x100% €8]

¢ mAH;
where AH; (91.45J .g_1 [56]) is the melting enthalpy of P(VDF-TrFE)
with a crystallinity of 100 %, and m its weight fraction in the composite.

The mechanical properties of the ME films without electrodes were
evaluated at room temperature under tensile loading conditions, using a
deformation speed rate of 0.5 mm.min~! with an Autograph AG-IS
(Shimadzu) testing machine equipped with a 500 N load cell. The
Young's modulus (E) of the films was determined from the linear portion
(up to 0.1 % strain) of the stress-strain curve using Eq. (2):

oc=Exe¢ 2

where ¢ is the stress, and ¢ is the strain.

The DC volume electrical resistivity (p) of the samples was obtained
by assessing the room-temperature characteristic I/V curves with a
Keithley 6487 picoammeter and voltage and Eq. (3):
p=Rx" 3)
where R is the resistance obtained from the slope of the I/V curve, w and
[ are the width and length of the electrodes, respectively, and t is the
thickness of the film measured by a Digimatic Micrometer MDC-25PX.
The characteristic surface DC conductivity (opc) of each sample was
then determined as the inverse of the resistivity, Eq. (4):

1
Opc =— 4)
p

The films capacitance (C) and dielectric losses (tand) were measured
using a QuadTech 1920 instrument, applying 0.5 V over a frequency
ranging from 1 Hz to 1 x 10° Hz at room temperature. Before mea-
surement, circular electrodes with a 5 mm diameter were deposited on
both sides of each film. The real part of the dielectric permittivity (e’)
was calculated using the Eq. (5):

, Ct
where ¢’ is the dielectric permittivity, C is the capacitance, o is the
vacuum permittivity constant (8.85 x 10712 F~m*1), and A is the elec-
trode area.

The piezoelectric coefficient (dss) of each film was assessed at room
temperature using a model 8000 ds; meter from APC Int. Ltd. Before
measurement, each film was poled in a homemade corona chamber. The
sample was placed approximately 2 cm from the corona grid and
exposed to a 15 kV voltage differential at 120 °C for 1 h. The cooling
phase was conducted until room temperature while maintaining the
same electric conditions.

The direct ME response of the films was evaluated at room temper-
ature using the dynamic method, as represented in Fig. 2. The a3 co-
efficient was calculated using Eq. (6):

Vv

d.Hpc ©)

aszz =

The AC driving magnetic field (with a maximum of 3.98 Oe) was
provided by a pair of Helmholtz coils. The external bias field was pro-
vided by an electromagnet with a maximum value of 1.2 T. The induced
ME voltage (V) in the samples was measured using a Standford Research
Lock-in amplifier.

The converse ME effect (a35) was characterized by applying an AC
voltage (20 V peak-to-peak) across the printed electrodes at the reso-
nance frequency of each sample. The resulting magnetic field generated
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Piezomagnetic
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Fig. 2. Representative scheme of ME measurements: a) direct effect; and b) converse effect.

by the sample was measured using Hirst Gaussmeter with PC interface
positioned at a fixed distance (~1 mm) from the surface of the com-
posite. The electric field was calculated based on the applied voltage and
the measured thickness of the film (~50 pm). The a3, was then deter-
mined following the methodology described in [8], using standard CGS-
to-SI conversion factors [57], Eq. (7):

AB AMXpx 3. AMXp X 122 x t

2b 10000 10000
AE \%4 7)

’

Q33 =

v
t

where AB is the induced magnetic field; AE the applied electric field; AM
the variation of the magnetic saturation between sample under and
without applied field; p the density of the composite; t the poling dis-
tance and V the applied voltage.

2.5. Nomenclature of ME composite films

The subsequent terminology (Table 2) will be employed throughout
this document:

Table 2

Designation system for corona-poled ME composites.
Nanoparticle type and wt% Abbreviation
None P(VDF-TrFE)
CoFe;04 5 CFO5
CoFe;04 10 CFO10
CoFe;04 20 CFO20
Cog.5Zny, 5Fe;04 CZFO20
Fes04 20 FO20
NdyFeq4B; 20 NdFeB20
Nig.5Zng,sFe;04 20 NZFO020
NiggFe;;Mos; 20 NFM20

3. Results and discussion

To attain optimal ME coupling, it is essential to comprehend the
composites structural, thermal, mechanical, electrical, and magnetic
characteristics. Each of these attributes contributes to the efficacy of the
ME effect, particularly regarding the interaction between the magnetic
and piezoelectric components of the composite.

3.1. Morphological characterization

The morphology of the composite films has a significant impact in
ME coupling, since a proper dispersion of magnetostrictive fillers im-
proves their interaction with the piezoelectric polymeric matrix by an
effective transfer of mechanical stress. Conversely, a well-bonded and
uniform electrode thickness ensures an even electric field over its sur-
face. Therefore, a homogeneous fillers distribution and an optimal
electrode deposition are essential to obtain a converse ME effect. Fig. 3
presents the typical cross-section morphology of each composite
observed under SEM. Samples with conventional electrodes (vacuum-
evaporated on both sides of each sample [8] have been added for
comparison).

The cross-sectional SEM images (Fig. 3) clearly distinguish between
the two electrodes (left and right columns). The cryogenic fracturing of
the samples revealed a typical brittle surface visible in both samples
after breakage.

For the conventional electrode (100 nm de Au-P), images (Fig. 3a, c,
e, g) few noticeable agglomerations. The adhesion of the electrode to the
film is homogeneous and has a thickness of 115 nm.

On the other hand, the images of the printed electrodes (Fig. 3b, d, f,
h) show less adhesion in the contact zone with the nanoparticle film. The
cryogenic fracture may have caused these little debonding. Importantly,
the thickness of the printed electrodes was measured to be approxi-
mately 3.71 pm, nearly 300 times thicker than the conventional gold
layer. This value corresponds to two sequential layers of silver
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Fig. 3. Cross-section SEM images of CFO 20 composite with conventional electrode (a), c), e), g)) and printed electrodes (b), d), ), h)).

nanoparticle ink deposited via Aerosol Jet Printing and subsequently
cured by photonic sintering. This thickness was found to be optimal,
enabling superior interfacial coupling and charge distribution.
Regarding the ME performance of a nanoparticle film, in particular the
converse effect, the greater the thickness and size of the conductive
electrode, the better results it will provide [33,35,58]. SEM cross-
sections also confirmed good surface homogeneity, with no significant
delamination or surface cracking observed post-sintering. The printed
electrodes formed a continuous conductive layer with conformal con-
tact, essential for uniform electric field distribution and efficient ME
interaction.

3.2. Thermal characterization

The thermal stability and crystallinity of the composites (Fig. 4a and
Table 3) are directly related to their ability to maintain structural

integrity under operational conditions. High crystallinity and proper
thermal transitions ensure that the material can sustain the mechanical
strains necessary for ME coupling.

The results revealed that the thermal stability of the composites
remained practically unchanged by including magnetic fillers. All sam-
ples showed Curie temperature (T¢) at 101 °C, while melt temperature
(Tm) of the nanocomposites (=149 °C) showed a slight reduction
compared to the P(VDF-TrFE) film (=151 °C). Crystallinity, however,
was found to be sensitive to filler content. Although composites with up
to 10 wt% CFO nanoparticles showed no significant change in crystal-
linity compared to the pure polymer (=27 %), increasing the particle
content to 20 wt% caused a notable reduction in crystallinity, ranging
from 15 % in CFO20 to 22 % in NFM20. This reduction is consistent with
the ability of magnetic particles to act as defects on the crystallization
process [59,60].

These crystallization and thermal properties values, such as T¢, Tm
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Fig. 4. a) DSC thermogram (heating) for the neat polymer and composites, b) Stress-strain plots for the neat polymer and composites, ¢) Young's modulus obtained
from b) as a function of the filler type and content; and d) |dazs| piezoelectric constant as a function of the filler type and content.

Table 3
Curie (T¢) and melt (Ty,) temperatures, melting enthalpy (AHy) and crystallinity
percentage (y.), determined under DSC, for the neat polymer and composites.

Sample T¢ (£0.2 °C) T (£0.2°C) AHf ((£1 J/g) A (1 %)
P(VDE-TrFE) 101.3 150.9 25 27
CFO5 100.7 150.5 25 26
CFO10 102.0 150.8 19 26
CFO20 94.5 141.2 11 15
FO20 105.8 148.4 22 20
Nd20 101.4 150.4 21 19
NFM20 101.2 149.8 16 22
NZFO20 105.8 149.1 20 17
CZF020 101.3 149.6 17 16

and fusion enthalpy (AHy) align with expectations since, as they in-
crease, more energy is needed to break down the well-ordered crystal-
line regions during heating [61,62].

3.3. Mechanical properties

Mechanical properties, namely tensile strength and Young's modulus
(Ey), are critical for effective ME coupling. These properties determine
the material's ability to transfer deformation between the piezoelectric
and magnetostrictive phases (Fig. 4b—c).

The stress-strain curves (Fig. 4b) revealed a predominantly elastic
deformation of all films up to 0.01 strain. Notably, the CZFO20 and
NZFO20 samples demonstrate the highest load-baring capability at this
strain value, followed by CFO20, NdFeB20, NFM20, FO20, neat P(VDF-
TrFE) film, and finally, CFO10, and CFO5 composites. The Young's
modulus of each sample was determined at the linear stage of the curve
using Eq. (2). The inclusion of CFO nanoparticles up to 10 wt% and 20

wt% NdFeB microparticles led to a reduction in Ey (0.35-0.64 GPa)
compared to the P(VDF-TrFE) film (0. 65 GPa). On the other hand,
reinforcement with 20 wt% CFO, CZFO and NZFO fillers demonstrated a
significant increase in the Ey of the nanocomposite films to approxi-
mately 1 GPa. At the same time, NFM and FO particles only marginally
improved Young's modulus compared to pure P(VDF-TrFE), exhibiting a
value of approximately 0.8 GPa. The small agglomerations of CFO
nanoparticles and the dimension of NdFeB microparticle into the com-
posites may explain their slightly weaker mechanical performance.
However, all films exhibited Young's modulus values in the same order
of magnitude as those previously reported in polymer-based composites
with high ME coupling [63]. The balance between stiffness and flexi-
bility is essential for an optimized ME response [8]. The electrical
coating had no significant influence on the mechanical properties of the
composite (values with less than 2 % difference).

3.4. Piegoelectric, electric and dielectric properties

Fig. 4d displays the absolute value of the piezoelectric coefficient |
ds3| for the various composites. Measurements were conducted 2 days
post-poling to minimize the electric charges accumulated during the
polarization process. All d3; values are negative and in the following the
modulus will be provided. The findings indicate that neat P(VDF-TrFE)
and CFO5 films exhibit similar piezoelectric constants (20-22 pC-N’l),
representing the highest values among all films, while NFM20 showed
the lowest |ds3| value of 9 pC-NL. The remaining composites demon-
strated intermediate |dss| values ranging from 11 to 19 pC-N~. The
observed reduction in piezoelectric response for composites with parti-
cle contents exceeding 5 wt% is attributed to a disruption in the
piezoelectric matrix connectivity and interfacial mechanical imperfec-
tions. The decrease in the piezoelectric response of the NFM20 sample
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can also be explained by the low crystallinity of the sample [63,64].

Electrical conductivity and dielectric characteristics (Fig. 5a) ensure
effective electrical polarization under applied magnetic fields. Appro-
priate surface conductivity (without the electrode) and dielectric con-
stant values are essential to facilitate the CME effect, where an electric
field induces a change in sample's magnetization. The current-voltage
(IV) curves (Fig. 5a) illustrate that all films exhibited Ohmic behav-
iour, characterized by a linear increase in current as the voltage
increased. Notably, the incorporation of 20 % CFO and NZFO magnetic
particles resulted in an enhancement of DC surface conductivity,
reaching values between 4.26 x 10™%and 2.2 x 1071°$.m ™!, compared
t0 4.70 x 107 12S.m ™ for pure P(VDF-TrFE). Despite this increase, none
of the composites achieved conductivities below 1072 S-m ™, vital for a
strong ME effect [8].

Regarding dielectric characteristics (Fig. 5¢c—d), the real component
of the dielectric permittivity (¢) diminished as frequency increased,
attributed to dipole relaxation and crystalline/amorphous interface ef-
fects. Moreover, both ¢ and dielectric losses (tand) were observed to rise
with the addition of magnetic particles. Two factors can explain this:
firstly, the magnetic particles enhance polarization at their interface
with P(VDF-TrFE), resulting in a higher dielectric constant; secondly,
they also boost electrical conductivity, leading to increased dielectric
losses [65,66].

Nevertheless, all films maintained tand values under 0.2, a crucial
requirement for effective ME coupling [8].

The enhancement in dielectric properties and the consistency of
dielectric losses post-electrical poling in the composites can be attrib-
uted to several key factors related to dipole alignment, crystallinity, and
the interaction between the polymer matrix and magnetic fillers [66].
The improved dipole alignment can inhibit charge carrier movement
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and reduce relaxation processes, thus maintaining low dielectric losses.
These piezoelectric and dielectric trends directly influence the ME
coupling efficiency, but the filler-specific magneto-mechanical and
interfacial properties also play a critical role, as discussed below.
Furthermore, poling may optimize the interface between the polymer
and the magnetic nanoparticles, ensuring that the nanoparticles posi-
tively contribute to the dielectric properties without introducing
excessive energy dissipation [67].

3.5. Magnetoelectric properties

The DME properties of the compounds at room temperature were
assessed using the Lock-in MFLI Zurich Instruments. To ensure reli-
ability of the results, five replicates of each sample were performed
(Fig. 6a-b).

Fig. 6a shows the initial frequency sweep to determine the resonance
frequency of the samples. NFM20 presents the lowest resonance fre-
quency value, at 10.98 kHz. On the other hand, CFO5 and CFO10
exhibited the highest values, approximately 16 kHz. All other samples
present values between 12,7 kHz and 14.03 kHz.

Fig. 6b, referring to the electric field produced by the samples due to
the DME effect, basically presents 3 groups of samples. The one with the
highest voltage value is the CFO20, with 6.3 x 10~ V and NZF020
shows the lowest value, with approximately 9467 x 10~* V. The other
values are in the range between 1.59 x 1073 V and 4.664 x 1073 V.

The direct ME coefficient (o) value is calculated according to Eq. (6)
for an effective comparison among samples Fig. 6¢-d. The gradual in-
crease in concentration is reflected in the linear increase in the o value
for the CFO samples (5, 10 and 20 wt%). The lowest value is observed for
CFO5 with 3.33 x 10?2 mV-cm 1.0e ™}, followed by CFO10 with 4,05 x
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Fig. 5. a) Electric current variation as a function of applied voltage for the different samples. b) Electric conductivity values for each sample. c) Real part of the
dielectric response and d) tané as a function of frequency for P(VDF-TrFE)-based composites with different filler type and content.
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Fig. 6. Direct ME measurements. a) Frequency dependence of the direct ME response (V vs. f) for representative samples, with resonance peaks highlighted in the
inset. Main plot shows the extracted resonance frequency as a function of magnetic particle type and weight percentage. b) Generated voltage for each sample. c)

for CFO5, 10 and 20 wt%. d) a for the different samples with 20 wt% filler.

102 mV-cm™1.0e™}, the highest « value being shown by the CFO20
sample, with 4.62 x 102 mV-cm™'-Oe . This increase can be attributed
to the rise in the overall magnetostriction due to the increase of the
magnetostrictive phase within the ME composite [8,68].

The effect of filler type is obtained by comparing all composites with
20 % filler content, as presented in Fig. 6d. The lowest o value is found
for the NZFO20 sample with 1,40 x 102 mV-cm 1-0e™!; on the other
hand, higher o values occur for CFO20 and CZFO20 samples with 4,62 x
102 and 4,72 x 10?2 mV-cm™!-Oe ! respectively. The remaining samples
present values between 3,0 x 102 and 340 x 10> mV-cm -Oe™L.

The CME response of the different materials is presented in Fig. 7a-b.

Fig. 7a shows the initial frequency sweep to determine the resonance
frequency of the different samples. CFO20 presents the highest recorded
frequency value, at 16 kHz. The lowest value is for FO20, with
approximately 10.4 kHz. All the other samples present values between
12,15 kHz and 13.97 kHz.

Fig. 7b, presents three different groups of samples, referring to the
magnetic field produced by the samples. The highest magnetic field
value is the CZFO20 with 33,94 Oe, CFO5 shows the lowest value with
approximately 17,63 Oe. The other composites present magnetic field
values ranging from 19,86 to 28,69 Oe.

Regarding that, the converse ME coefficient () value was calculated
according to Eq. (7) for all samples, as presented in Fig. 7c-d. The
gradual increase in concentration leads to a linear increase n the
converse alpha value for the CFO composite samples with 5, 10 and 20
wt% filler concentration. The lowest value is observed for CFO5 with
6176 mOe-cm-V~!, followed by CFO10 with 7708 mOe-cm-V 1. The
highest o value resides in CFO20 with 9.003 mOe-cm-V L. This increase
is attributed to the rise in the magnetostriction due to the increase of the

magnetostrictive phase on the ME composite [8,68].

By comparing the results for the different fillers with 20 wt% filler
content, Fig. 7d, the differences among samples is notable. The lowest o
value occurs for the NZFO20 sample with 5.828 mOe-cm-V L. On the
other hand, higher o values are observed for samples CFO20 and
CZFO20 with 9.003 and 9.642 mOe-cm-V ™!, respectively. The remain-
ing samples present o values between 6.72 and 8.014 mOe-cm-V 1.

The differences observed in the ME response among the various
composites can be attributed to several key physical parameters of the
magnetostrictive fillers. First, the intrinsic magnetostrictive coefficient
(M) plays a dominant role: materials such as CoFe204 (—250 ppm) and
Coo.5Zno.sFe204 (10 ppm) generate larger mechanical strains under a
magnetic field, thereby inducing stronger electrical polarization via the
piezoelectric matrix. Second, particle size and morphology directly in-
fluence filler dispersion and interfacial stress transfer. Nanometric fillers
like CoFez04 (~35-50 nm) promote better mechanical coupling with the
polymer matrix compared to micron-sized Nd2Fe1B (~5 pm), which
may introduce inhomogeneous strain distribution. Third, the electrical
resistivity of the fillers affects the efficiency of dynamic ME coupling,
with Zn-doped ferrites such as CZFO and NZFO exhibiting higher re-
sistivity and reduced eddy current losses, thus improving ME signal fi-
delity. Lastly, the mechanical compatibility and interfacial adhesion
between the fillers and the P(VDF-TrFE) matrix influence the strain
transfer efficiency and the preservation of the piezoelectric phase, both
critical for achieving optimal ME performance. These combined factors
explain the material-dependent behaviour observed and confirm that
rational filler selection is essential for maximizing ME coupling in flex-
ible composite architectures.

Fig. 8a-b shows the variation of the resonance frequency as a
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Table 4
Converse ME coefficients (o) reported in the literature and their piezoelectric & magnetostrictive components as well as electrodes.
Type Piezo element Magneto element H; (Oe) « (mOe-cm.V™1) Electrodes Reference
99 Pb(Zr,Ti)O3 Metglas 10 2750 Screen-printed [69]
PVDF FeBSiC - 90 Magnetron-sputtered [70]
CFO* 8.1 6.29
P(VDF-TrFE) FO* 7.7 4.48 Conventional vacuum-evaporated [8]
NdFeB* 7.3 4.41
NZFO* 19.9 5.83
0-3 NdFeB** 21.5 6.72
FO* 28.69 7.88 . .
P(VDF-TrFE) NEM* 27.30 801 PulseForge-printed This work
CFO” 20.23 9.00
CZFO* 33.94 9.64

*micro-sized; #composite with 20 wt% of magnetostrictive filler.

10
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function of the particle weight percentage for both DME and CME ef-
fects, showing a similar behaviour, with a progressive increase in reso-
nance frequency with an increase in particle weight percentage up to 20
%, with values between 11 and 16 kHz.

Both values of « and « shows the same increase as a function of
particle content. For DME, it reaches a maximum for the 20 % filler
content sample, with around 472 mV-cm™!-0e !, while for the CME, the
maximum is also reached for CFO20 with 9 mOe-cm-V 1. These results
present the same order of magnitude as those obtained previously in the
literature.

To better compare all the results obtained, Table 4 presents a com-
parison with the literature.

Compared to the previously reported results using vacuum-
evaporated electrodes [8], the use of PulseForge-printed thick elec-
trodes leads to a marked enhancement in both H; and o across all tested
fillers. For the CoFe204-based composites, the generated magnetic field
increases from 8.1 Oe to 20.2 Oe (a 149 % enhancement), while the o’
rises from 6.29 to 9.00 mOe-cm-V ™2, representing a 43 % increase. In the
case of Fes0s-based composites, the magnetic field increases from 7.7 Oe
to 28.7 Oe, resulting in a 273 % improvement, and the o improves from
4.48 to 7.88 mOe-cm-V~! (76 % increase). For NdFeB-based composites,
the magnetic field increases from 7.3 Oe to 21.5 Oe, reflecting a 195 %
increase, and the o improves from 4.41 to 6.72 mOe-cm-V_}, a 52 %
enhancement. These substantial gains confirm that printed thick elec-
trodes not only facilitate improved charge distribution and interfacial
coupling but also act as a highly effective strategy to boost magneto-
electric performance in a scalable and energy-efficient manner.

The observed improvements in the generated magnetic field and o
values for samples with printed electrodes suggest that electrode
structuring significantly influences ME coupling: the introduction of
thicker electrodes optimizes charge distribution and interfacial
coupling, thereby enhancing the overall ME efficiency of the composite.
This empirical evidence reinforces the idea that material structuring
plays a decisive role in governing magnetic interactions, a concept that
can be traced back to De Magnete, where William Gilbert laid the
groundwork for understanding how structured magnetic bodies influ-
ence surrounding fields. In the same spirit, our findings demonstrate that
adding a thicker electrode fundamentally alters the system's magneto-
electric response, optimizing its efficiency for spintronic applications.

In addition to demonstrating high ME coefficients, the CZFO20
sample generated a magnetic field of 33.94 Oe under an electric field of
400 kv-m ™!, with power consumption in the nanowatt range due to the
high resistivity of the composite and the low current required.
Compared to conventional electromagnets, which typically consume
100-500 mW to generate comparable fields, this represents a power
reduction of ~6 orders of magnitude. These values are compatible with
previous reports on energy-efficient ME and voltage-driven spintronic
systems that demonstrate switching energies in the sub-attojoule to
attojoule range. This result highlights the strong potential of ME com-
posites with printed electrodes for enabling ultra-low-power spintronic
platforms [71-74].

4. Conclusions

This work demonstrates that engineering the geometry of printed
electrodes in flexible magnetoelectric (ME) composites enables precise
tuning of ME coupling, leading to significant improvements in func-
tional performance. By optimizing electrode thickness using scalable
fabrication techniques, namely Aerosol Jet Printing and photonic sin-
tering, we achieved a 270 % increase in generated magnetic field (up to
34 Oe) and an 80 % enhancement in the converse ME coefficient,
exceeding 9 mOe-cm-V L. These values surpass the minimum electric-
field threshold required for spin manipulation by more than two or-
ders of magnitude, positioning this strategy as a viable route for low-
power spintronic applications.

Printed electrodes, approximately 300 than

times thicker
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conventional vacuum-deposited ones, enable uniform charge distribu-
tion and enhanced interfacial coupling, without compromising the me-
chanical or piezoelectric integrity of the composite. This approach
overcomes the thermal and mechanical limitations of traditional depo-
sition methods and allows integration into flexible and scalable device
architectures.

In particular, the CZFO20 sample generated a magnetic field of
nearly 34 Oe under an electric field of 400 kV-m ™! with nanowatt-level
power consumption, representing a power reduction of ~ 6 orders of
magnitude compared to conventional current-driven field sources.
Furthermore, their compatibility with additive manufacturing, through
solution-based processing and direct deposition via printing techniques,
enables seamless integration into spintronic devices such as spin valves.

This scalable approach bridges foundational physical concepts from
De Magnete with modern engineering practices, offering a promising
pathway for the development of tunable, high-performance ME devices.

Ultimately, this work establishes printed electrode design as a
powerful, energy-efficient strategy for magnetic field generation in ME
composites, paving the way toward sustainable, low-power spintronic
technologies for data storage, logic circuits, and advanced sensing
platforms.
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