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online 6 March 2015)

This paper reports the fabrication and characterization of a new type of magnetoelectric polymer

nanocomposite that exhibits excellent ferromagnetism and ferroelectricity simultaneously at room

temperature. The multiferroic nanocomposite consists of high aspect ratio ferromagnetic iron

nanowires embedded inside a ferroelectric co-polymer poly(vinylindene fluoride-trifluoroethylene),

P(VDF-TrFE). The nanocomposite has been fabricated via a simple low temperature spin coating

technique. Structural, ferromagnetic, ferroelectric, and magnetoelectric properties of the developed

nanocomposite have been characterized. The nanocomposite films showed isotropic magnetic

properties due to the random orientation of the iron nanowires inside the film. In addition, the

embedded nanowires did not hinder the ferroelectric phase development of the nanocomposite. The

developed nanocomposite showed a high magnetoelectric coupling response of 156 mV/cmOe

measured at 3.1 kOe DC bias field. This value is among the highest reported magnetoelectric

coupling in two phase particulate polymer nanocomposites. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913943]

I. INTRODUCTION

Multiferroic nanocomposites are of great interest for

fundamental and technological aspects as they enable new

functionalities and concepts for applications in sensors,

actuators, data storage, or micro energy harvesting. The

coupling between the constituent ferroic orders of these

nanocomposite structures offers multifunctional properties

and enhanced functionalities that are absent in each of the

individual phases. Specifically, the coupling between ferroe-

lectricity and ferromagnetism, the magnetoelectric effect

(ME), brings about new potential applications in magneto-

electric sensors, energy harvesters, novel information

storage, or smart ME devices. Composite ME materials

show a spontaneous electrical polarization when subjected

to a magnetic field, and an induced magnetization when

subjected to an electrical field. Unlike ceramic-based ME

composites, polymer-based multiferroic ME nanocomposites

provide the advantages of being flexible, versatile, light-

weight, low cost, able to conform to complicated shapes, and

they typically involve a low-temperature fabrication process.

These unique characteristics make polymer nanocomposites

attractive for applications like flexible or wearable devices.

Depending on the interface between the ferromagnetic and

the polymer matrix, three main types of multiferroic polymer

nanocomposites can be found in literature, particulate nano-

composite, laminate composites, and polymer as a binder

composite. The first type received the least attention among

researchers.1–4 Martins et al. reported incorporation of ferrite

nanoparticles (35–55 nm) of CoFe2O4 or Ni0.5Zn0.5Fe2O4

into P(VDF-TrFE) ferroelectric polymer matrix. In both

cases, the nanocomposites exhibited improved ferroelectric,

ferromagnetic, and ME properties, which were strongly

dependent on the ferrite filler concentrations. The highest

ME response of Martins’ reported nanocomposites was

41 mV/cmOe with 72 wt. % of CoFe2O4 at 2.5 kOe DC

bias magnetic field.3,4 In this kind of multiferroic nanocom-

posites, the effective coupling properties are strongly

dependent on the characteristics of the interface between the

polymer and the ferromagnetic fillers. Surface interfacial

area to volume ratio is a key factor and therefore high aspect

ratio ferromagnetic nanostructures are preferred over spheri-

cal nanoparticles. This paper describes the development of a

new type of multiferroic nanocomposite consisting of a fer-

roelectric copolymer poly(vinylidene fluoride-trifluoroethy-

lene), P(VDF-TrFE), and high aspect ratio ferromagnetic

iron (Fe) nanowires (NWs) embedded inside the co-polymer.

When subjected to a magnetic field, the strain transfer from

the Fe NWs to the P(VDF-TrFE) matrix is maximized,

owing to the large surface interfacial area of NWs with the

polymer. This phenomena in the developed nanocomposite

promises a strongly improved ME coupling when compared

to low aspect ratio nanoparticles-based nanocomposites.

II. EXPERIMENTAL PROCEDURES

A. Fabrication of ferromagnetic Fe NWs

Anodic aluminum oxide (AAO) membranes offer self-

assembled highly ordered hexagonal nanopores, which are

ideal templates for homogenous nanoscale materials fabrica-

tion. Owing to their easy preparation, controllable pore size

and spacing, as well as their low cost fabrication, nanowires,

and nanotubes of polymers, metals, semiconductors, and

composite materials have been fabricated successfully.5–8 In

this work, AAO membranes were prepared by a two-step

anodization process using oxalic acid.9 First, highly pure Al

discs with 500 lm in thickness were electro polished fora)Electronic mail: mohammed.alnassar@kaust.edu.sa
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removal of the oxide layer and other contaminations. Then,

the discs were exposed to a first anodization process in oxalic

acid (0.3 M) forming an alumina layer with randomly

oriented pores. This random porous alumina layer is etched

away using a chrome solution (0.2 M chromic acid and 0.4 M

phosphoric acid) leaving ordered dimples on the Al surface.

Afterwards, a second anodization is applied and highly

ordered hexagonal nanopores are obtained. Polycrystalline

Fe nanowires are then grown inside these highly ordered

nanopores by standard pulsed electrodeposition technique at

room temperature. The electrolyte solution used contained

45 gl�1 of iron sulfate, 30 gl�1 of boric acid, and 1 gl�1 of

ascorbic acid mixed in DI water. Deposition pulses were

negative with current density limit of �60 mA/cm2, and sep-

arated by positive polarization pulses and relatively long rest

pulses to refresh the ion concentrations for homogenous dep-

osition.10 The ferromagnetic Fe NWs were 6 lm of length

and 35 nm in diameter. Finally, Fe NWs were released from

the membrane by dissolving the template membrane.

B. Fabrication of multiferroic nanocomposite

P(VDF-TrFE), with 70/30% in molar ratio of VDF to

TrFE, was dissolved in dimethylformamide (DMF) to form

an 8 wt. % solution. Fe NWs were dispersed in the same

DMF solvent. The NWs were then added to the P(VDF-

TrFE) solution to get the polymer nanocomposite solution.

The formed nanocomposite mixture had 1.5 vol. % Fe

content. The solution was mixed thoroughly using a shaker

followed by ultra-sonication for 10 min for dispersion and

minimum NWs agglomeration. Thin film samples of the

nanocomposite were obtained by spin coating at 1500 rpm

for 30 s on Si substrates with patterned Pt bottom electrodes

obtained by standard lithography and lift off processes. After

spinning, the nanocomposite film was baked at 80� for

30 min for solvent evaporation. The ferroelectric b phase of

the polymer was facilitated by subsequent annealing in

vacuum at 135 �C for 2 h. Then the films were allowed to

gradually cool down to room temperature under vacuum.

The thickness of the films was 950 nm measured using a sty-

lus profiler (Dektak). For electrical and ME characterization,

a 100 nm thick Au top electrode was thermally evaporated

on top of the nanocomposite film. A one-mask photolithogra-

phy process enabled Au patterning by a fast wet etching

process using potassium iodide solution. The remaining pho-

toresist on top of the Au patterns was removed with

methanol.

III. RESULTS AND DISCUSSION

A. Structural and magnetic characterization

The crystallographic properties were investigated by X-

ray diffraction (XRD). The scan shows that the ferromag-

netic Fe NWs used in the nanocomposite are polycrystalline

with 200 preferred directions along their long axis (Fig. 1).

The XRD result also shows the P(VDF-TrFE) ferroelectric b
phase peak very clearly at 2h of 19.8�, confirming the co-

existence of the ferroelectric and ferromagnetic phases in the

nanocomposite.

In order to investigate the magnetic properties, a vibrat-

ing sample magnetometer (VSM, Lakeshore) was used to

measure the field dependent magnetization by applying a DC

magnetic field between �10 kOe and 10 kOe at room tem-

perature. Fig. 2(a) shows the magnetization curve of Fe NWs

inside the AAO template measured parallel, and perpendicu-

lar to the NW’s axis. Clearly, the curve indicates an easy

magnetization direction along the length of the wires, which

is caused by the shape anisotropy of the high aspect ratio Fe

wires. On the other side, the magnetization curve for the

nanocomposite does not show field direction dependence

(Fig. 2(b)), indicating that the Fe NWs are randomly oriented

and well dispersed inside the ferroelectric polymer, and

therefore the film is magnetically isotropic.

B. Ferroelectric and magnetoelectric characterization

To measure the ferroelectric polarization versus the

electric field (P-E) of the developed nanocomposite, a preci-

sion multiferroic tester (Radiant Technologies) was used.

The hysteresis loops were measured at room temperature

with a maximum electric field of 125 MV/m. By applying

triangular waves oscillating at 10 Hz of frequency, well-

defined ferroelectric loops were obtained for the fabricated

nanocomposite sample (Fig. 3). When compared to pristine

P(VDF-TrFE) films, the measured ferroelectric loops indi-

cate that the development of the ferroelectric b phase is not

hindered by the addition of the ferromagnetic Fe NWs.

Due to the dimensions of the NWs compared to the

thickness of the film, all NWs are lying in-plane with random

orientations as also confirmed by the magnetization curve

(Fig. 2(b)). Therefore, the ME effect was characterized by

measuring the longitudinal ME voltage coefficient aME using

the dynamic lock-in amplifier method.11 A pair of Helmholtz

coils was used to generate an AC magnetic field with ampli-

tude of 3 Oe and frequency of 300 Hz that is superimposed to

a DC bias field driven by an electromagnet. Both fields are

applied in-plane of the nanocomposite film and the generated

small signal voltage across the sample thickness is measured

FIG. 1. XRD spectrum for the multiferroic nanocomposite film of P(VDF-

TrFE) with Fe NWs.
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using a digital Lock-in amplifier (Stanford Research SR850).

The ME voltage coefficient aME is calculated from the

measured voltage using the equation aME ðmV=cmOeÞ
¼ Vout

h0 : tp
, where Vout is the measured output voltage, ho is the

amplitude of the AC magnetic field, and tp is the thickness of

the nanocomposite film.6

Prior to ME characterization, the nanocomposite was

electrically poled by applying a maximum electric field of

125 MV/m. The ME voltage coefficient of the nanocompo-

site film, shown in Fig. 4, was measured by sweeping the

DC field from 0 Oe to 3.5 kOe. A high ME response of

156 mV/cmOe was measured under 3.1 kOe DC bias field.

This value is considered among the highest reported for two

phase particulate polymer nanocomposites,1,3 and it is attrib-

uted to the large interfacial area between the NWs and the

polymer. The ME response curve also shows that the ME

coupling is driven by a strain mediated effect and is mainly

due to strain transfer caused by the non-linear magnetostric-

tion effect of the Fe NWs. The drop in the ME curve after-

wards is attributed to the saturation of the Fe NWs, where no

further elongation or stress is present. The initial fluctuations

in the ME voltage coefficient response is mainly due to the

nature of the nanocomposite in which the Fe NWs are ran-

domly aligned inside the ferroelectric polymer. Therefore,

NWs, which are not in the same direction as the applied DC

magnetic field cause torques and stresses depending on their

distributions and angles with respect to the applied field. We

expect this kind of initial fluctuations to be mitigated,

when the NWs are aligned in a preferred direction while

fabricating the nanocomposite.

IV. CONCLUSION

A multiferroic polymer nanocomposite was successfully

fabricated on a platinized Si substrate using P(VDF-TrFE) as

the ferroelectric phase, and high aspect ratio Fe NWs as the

ferromagnetic phase. Results showed that the addition of

NWs to the P(VDF-TrFE) does not have a significant influ-

ence on the ferroelectric properties of the developed nano-

composite, and the nanocomposite exhibits both ferroelectric

FIG. 3. Ferroelectric polarization (P) over electric field (E) measurements

for the developed nanocomposite compared to a pristine P(VDF-TrFE).

FIG. 4. ME voltage coefficient versus DC magnetic field bias of the

nanocomposite.

FIG. 2. Magnetic moment (m) as a function of applied field (H) of the (a) Fe

NWs inside the AAO membrane and (b) the P(VDF-TrFE)/Fe NWs

nanocomposite.
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and ferromagnetic properties at room temperature. The use

of high aspect ratio Fe NWs as ferromagnetic filler resulted

in a ME coefficient up to 156 mV/cmOe, which is higher

than what has been achieved using ferrite nanoparticles. The

enhancement is attributed to a higher interfacial area

between the constituent phases. The developed nanocompo-

site is a promising candidate for flexible and smart ME

applications.
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