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The need of flexible and transparent smart materials is leading to substantial 

advances in principles, material combinations and technologies. Particularly, 

the development of optically transparent magnetoelectric (ME) materials will 

open the range of applications to new directions such as transparent sensors, 

touch display panels, multifunctional flat panel displays and optical magnetic 

coatings. In this work, a flexible and transparent ME composite is made of 

magnetostrictive Fe72.5Si12.5B15 microwires and piezoelectric P(VDF‐TrFE). 

The high magnetostriction of Fe72.5Si12.5B15 (35 ppm) enables superior ME 

voltage response (65 mV.cm-1.Oe-1) obtained at the critical longitudinal 

magnetic field equating the transverse anisotropy (14500 A.m-1) on the 

external shell of the microwire.  

 

1. Introduction 

Magnetoelectric (ME) materials present large potential in scientific and technological 

applications due to their ability to change the electric polarization in response to an 

external magnetic field or to change their magnetization in response to an applied electric 

field.1 Single-phase ME materials are sparse in nature and have limited applications, since 

they show weak ME response at very low operating temperatures.2-4 Alternatively, 

multiferroic composite materials, with an extrinsically ME effect, are suitable for 



practical applications due to the simplicity of the manufacturing process, and, more 

importantly, large magnitude of ME response at room temperature.5 These ME 

heterostructures enable the conversion between magnetic and electrical energies through 

mechanical coupling between magnetostrictive and piezoelectric phases, allowing a high 

number of applications including magnetic sensors, actuators, switches, energy harvesters 

and data storage devices for smart electronic applications.6,7  

 However, despite the large potential of ME materials and the extensive research 

in this field in the last few years, the search for a flexible and resistant composite with 

high ME response, low-cost and simple fabrication continues to be a 

scientific/technological challenge.8 Flexible materials allow to expand the boundaries of 

design and packaging, being suitable for a new generation of electronic device 

applications9. Polymer-based composites are the obvious choice to develop this kind of 

materials10. Although ceramic-based ME composites present ME coefficients three orders 

of magnitude higher than polymer-based ME materials, piezoelectric ceramics are more 

expensive, rigid, and fragile, which makes them inadequate for several applications.11 In 

contrast, polymer-based composites are flexible, light-weight, able to conform into a 

variety of forms, cheap, require low temperatures to process, and their fabrication can be 

scaled up, since the production methods are compatible with industrial requirements.12,13 

Among polymeric piezoelectric materials, poly(vinylidene fluoride/ trifluoroethylene), 

P(VDF-TrFE), a co-polymer of PVDF has been widely studied and used as organic matrix 

in ME composites since it exhibits high piezoelectric coefficient, stable mechanical 

properties, high breakdown strength, easy processing, high thermal stability, optical 

transparency and biocompatibility.14 Recent results demonstrate the increased potential 

of polymer-based ME materials and a strong effort is being made to develop new devices 

such as energy harvesters, actuators, low-temperature spintronics and magnetic sensors, 

among others.10,15,16 

 As a disruptive approach in this field, the development of optically transparent 

ME materials will expand the range of applications, namely transparent magnetic sensors, 

touch display panels, multifunctional flat panel displays and optical magnetic coatings.17-

21 Different flexible and transparent smart materials have already being studied and 

developed. Thus, magnetic, conductive, and piezoelectric materials which are also 

flexible and transparent to the visible light are mentioned in the literature22-25, however, 

transparent and flexible ME materials capable of combining magnetic and electrical 

properties on a single compound are still under-explored. A first approach was presented 



in 26 , where transparent magnetoelectric (ME) nanocomposites based on magnetostrictive 

nanowires (NWs) of Fe, Ni and Galfenol dispersed and magnetically aligned inside of a 

piezoelectric polymer matrix of P(VDF-TrFE) were produced. Yet, the transparency of 

the material was not quantified and …. 

 The main difficult in developing a flexible transparent ME materials is related to 

the magnetostrictive phase. Magnetic particles with high magnetostrictive values, such as 

CoFe2O4, for example, are opaque from a certain concentration (higher than 10 weight 

percentage (wt.%)) hindering the development of a material with high ME response and 

significant transparency, simultaneously. Herein, we introduce magnetic microwires 

(MWs) that can be solution to this scenario due to their excellent magnetic properties and 

unique geometrical features27 that allow the development of transparent composites. 

These microwires, particularly those based on FeSiB alloy composition, exhibit a high 

saturation magnetic polarization (i.e., Js ≈ 1.65 T) and relatively high magnetostriction 

value (s ≈ 35ppm). Their cylindrical geometry is characterized by a high aspect ratio 

(i.e., up to meters long and typically, 5-10 m diameter), that favours the mechanical 

coupling with the piezoelectric polymer phase. In addition, these microwires, being 

structurally amorphous, present a strong uniaxial longitudinal magnetoelastic anisotropy 

determined by the coupling between the internal mechanical stresses and the 

magnetostriction constant that adds to their shape anisotropy. The magnetization process 

consists essentially in the nucleation and fast propagation of a single domain wall at 

relatively low applied field28,29. The combination of the geometrical and mechanical 

properties together with the soft magnetic behaviour makes them suitable for smart 

applications27,30. Indeed, polymer composites incorporating ferromagnetic microwires 

reveal a series of potential applications due to the flexibility and sensitive response 

towards external stimuli, such as magnetic field, temperature, or mechanical stress, 

among others.31  

 In this paper, we present the first flexible and transparent ME material made up of 

FeSiB amorphous microwires embedded and magnetically aligned inside a piezoelectric 

matrix of P(VDF-TrFE). 

 

2. Experimental 

2.1 Materials 



N,N-dimethylformamide (DMF), pure grade was supplied by Fluka and (PVDF-TrFE) 

(Solef 1010) was supplied by Solvay. All the chemicals and particles were used as 

received from the suppliers. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 

(PEDOT) 5.0 wt. % conductive screen printable ink was purchased from Sigma-Aldrich. 

 

2.2 Preparation of magnetic microwires and magnetoelectric composite 

Glass-coated amorphous microwires were fabricated by quenching and drawing 

technique27 having nominal composition of Fe72.5Si12.5B15, with 9.2 m metallic diameter 

and coated by Pyrex to a total diameter of 26.2 m. 20 pieces of microwires (≈4cm) have 

been placed in parallel and with a 2 mm spacing on a clean glass substrate. 2 g of P(VDF-

TrFE) have been added to DMF and mechanical agitation has been performed until a 

complete dissolution of the polymer. The resulting solution was homogeneously 

distributed with a spreader over the aligned micowires.  After the spreading step, the 

samples were placed inside an oven (JP Selecta, Model 2000208) for 10 minutes at a 

temperature of 210 ° C, following the protocol presented in xxx, for polymer melting and 

complete removal of the solvent. Then, the films (≈ 90 µm) were removed from the oven 

and allowed to cool at room temperature. The detachment of the flexible composite was 

obtained after the glass substrate was immersed in a vat for 20 minutes. 

XXX 

 

2.3 Characterization 

The poling of the samples was achieved, after an optimization procedure32, after 60 min 

of corona poling at 120 ◦C in a home-made chamber. In order to optimize the piezoelectric 

response, the electric field was kept applied when the samples were cooled to room 

temperature. The piezoelectric response (d33) of the poled samples was obtained with a 

wide range d33-meter (model 8000, APC Int. Ltd). 

The magnetic characterization of the microwires was performed in a vibrating sample 

magnetometer (VSM) (ADE system EV7 KLA-Tencor) under a maximum applied 

magnetic field of ±1.44 M A.m-1, parallel to the microwire axis.  

ME effect was characterized by measuring the transversal ME voltage coefficient (α33) 

using the dynamic lock-in amplifier method.32 A pair of Helmholtz coils was used to 

generate an AC magnetic field with amplitude of 63 A.m-1 and frequency of ≈17-28 kHz 

(resonance of the composites) that is superimposed to a DC bias field driven by an 



electromagnet. Both fields are applied out of plane of the nanocomposite film and the 

generated voltage across the sample thickness is measured using a digital Lock-in 

amplifier (Stanford Research SR530). The ME voltage coefficient (α33) was calculated 

from the measured voltage using the equation 1: 

tH

V

AC

33



  (1) 

 where ΔV is the measured output voltage, HAC is the amplitude of the AC magnetic field 

in Oe, and t is the thickness of the nanocomposite film. 

The optical transmittance of the samples was obtained by a double beam 

spectrophotometer UV-2501PC UltravioleteVisible (UVeVIS) set up in the 350-700 nm 

range with a 1 nm step.    

 

3. Results and Discussion 

Figure 1 depicts the ferromagnetic behaviour of the FeSiB microwires under longitudinal 

applied field characterized by a squared hysteresis loop with a 182 A.m-1 coercivity and 

a giant Barkhausen jump at around 200 A.m-1 applied magnetic field. The square 

hysteresis loop is characteristic of a bistable magnetic configuration, meaning that at 

remanence the microwire consists of a large magnetic domain with axial magnetization, 

and a smaller region (close to the external shell) remaining transversely magnetized. Upon 

application of a critical field (±200 A.m-1), the magnetization reverses in that domain by 

the fast propagation of a single domain wall. At higher applied field, magnetization 

increases reversibly at that external shell with small magnetic susceptibility until reaching 

apparent saturation at above 1.1 M A.m-1 applied field. 

 



  
Figure 1. Room-temperature magnetic response of the FeSiB microwires and room-

temperature piezoelectric |d33| response of the P(VDF-TrFE)/FeSiB composite. 

 

As the P(VDF-TrFE) matrix has no influence in the type of magnetic response of the 

magnetostrictive inclusions10,33, the FeSiB microwires have been introduced in P(VDF-

TrFE) and the room-temperature piezoelectric |d33| response of the resulting composite 

has been studied (Figure 1b). It is observed that the piezoelectric response of the 

piezoelectric layer is not affected by the introduction of the magnetic fillers once it is 

similar to the one obtained in the neat P(VDF-TrFE)  (24-28 pC.N-1).34  

After the magnetic and piezoelectric behaviour has been verified, the optical 

transmittance was studied (Figure 2). 

 

 
 

Figure 2. a) Photographs of the composite placed on a written page, with (TOP) and 

without (DOWN) the PEDOT conductive layers, serving as electrodes. Optical 

transmittance of the composites measured from 350nm to 700nm.   

 

Figure 2b quantifies the optical transmittance loss from, ≈82% to ≈50%, observed when 

the two PEDOT conductive layers are printed in the composite. The difference on the 

optical transmittance between the neat P(VDF-TrFE) (≈88%) and the P(VDF-
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TrFE)/FeSiB composite (≈82%) is almost negligible, showing that the optimization of the 

transmittance in this type of material passes through the optimization of the conductive 

material and not so much through the optimization of the ME composites composition. 

To validate the use of the composite as a ME material for sensor or energy harvesting 

applications, among others, the room-temperature ME response of the P(VDF-

TrFE)/FeSiB/PEDOT was studied as a function of the BAC frequency and DC (BDC) 

magnetic field.  

  

Figure 3. a) ME voltage coefficient (α33) of the sample measured longitudinally (in-

plane) and transversally (out-of-plane) as a function of the resonance frequency; b) ME 

voltage of the sample measured in-plane and out-of-plane as a function of the DC 

magnetic field. 

   

It is observed that the resonance frequency of the composites is ≈17 kHz when the 

measurement is performed longitudinally and ≈28kHz when it is performed transversely. 

It is also observed that the ME voltage response is highly dependent on the direction of 

the applied magnetic field, reaching a maximum response of 65 mV.cm-1.Oe-1 at 14500 

A.m-1 DC magnetic field and 60 A.m-1 AC magnetic field for the sample, when 

characterized longitudinally. The transversal ME response is negligible. Such distinct 

response is fully attributed to the small transversal susceptibility of the microwires as a 

result of the strong uniaxial longitudinal magnetic anisotropy of the microwire. Thus, a 

quite large transverse applied field is required to observe an even small magnetic 

response. The bistable magnetic configuration of the microwires (a large magnetic 

domain with axial magnetization and a transversal magnetization in relatively small 

region, close to the external shell), ensures that the reversal occurring at 200 A.m-1  by 

the fast propagation of a domain wall does not induce any magnetostrictive effect which 

is activated only by magnetization rotation mechanisms.  
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Finally, from a simple analysis of the longitudinal applied field at which maximum ME 

response is obtained we derive an interesting additional conclusion: the applied field can 

be correlated with the transverse magnetoelastic anisotropy field (Ht,max ≈ 14500 A.m-1) 

of the microwire that arises from the transverse mechanical stress frozen-in during the 

quenching fabrication process. Thus, the transverse magnetoelastic anisotropy energy 

density can be expressed as  

Kt = (1/2) Js x Ht,max = (3/2) s x <   

where < denotes the average compressive stresses in the external shell. From the 

experimental data we obtain <≈MPa which is a quite reasonable value for glass-

coated microwires.  

In conclusion, the maximum ME response is obtained at the critical longitudinal applied 

field equating the transverse anisotropy field at the external shell of the microwire. That 

allows us to anticipate that such a maximum ME can be engineered by the designed choice 

of the magnetostrictive character of the amorphous microwire (given by the alloy 

composition) together with the value of the internal mechanical stresses (that can be 

tailored by suitable thermomagnetic annealing). 

 

4 Conclusion 

XXX 
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