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Abstract  

Developing flexible multiferroic composite with magnetoelectric coupling is highly desirable for 

the wearable electronic devices, magnetic field sensors, actuators, energy harvesters and memory 

devices. Here, a flexible artificial multiferroic composite was fabricated using ferromagnetic 

nickel ferrite (NiFe2O4) nanoparticles (NPs) as filler in the ferroelectric polyvinylidene fluoride 

(PVDF) matrix. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) studies 

revealed the formation of the inverse spinel phase in NiFe2O4 NPs.  The vibrating sample 

magnetometer (VSM) and XRD measurements showed an increase in the magnetic moment and 

the electroactive β phase fraction, respectively, in PVDF/NiFe2O4 composite with the increasing 

loading concentration of NiFe2O4 filler NPs. With the increase in NiFe2O4 NPs loading 

concentration to 40 wt % the magnetoelectric coupling between the ferroelectric (PVDF) and 

ferromagnetic (NiFe2O4 NPs) was confirmed using magnetocapacitance measurements as a 

function of applied magnetic field. This work successfully demonstrates the potential of artificial 

multiferroic PVDF/NiFe2O4 composite system, with enhanced dielectric property and room 

temperature magnetoelectric coupling, for future flexible electronic devices.  
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Introduction 

Multiferroic system possesses more than one ferroic ordering among ferromagnetism, 

ferroelectricity, and ferro-elasticity, in which one ferroic order can be controlled by another one. 

Magnetoelectric materials, a subclass of multiferroic system, in which magnetic (electric) 

properties can be controlled by electric (magnetic) field, have gained huge interest due to the wide 

range of applications in actuators, transducers, tunnel junctions for memory devices, 

magnetoelectric field-effect transistor, energy storage devices, etc. [1-5]. Magnetoelectric 

materials can be designed by combining the optimum amount of ferroelectric and ferromagnetic 

materials. Various studies have been performed to fabricate multiferroic composites by combining 

two ferroic orders, for example composites of PbZrTiO3/CoFe2O4 and Ni-doped 

CoFe2O4/PbZrTiO3 ceramics with magnetoelectric coupling coefficients of 298 µVcm−1Oe−1  and 

855 µVcm−1Oe−1  have been reported by Bichurin et al. [6] and Dipti et al. [7], respectively. 

Researchers have also synthesized the artificial multiferroic heterostructure using ferroelectric / 

ferromagnetic thin film hetero-interfaces [8]. However, in most cases, ferroelectric films deposited 

on the non-ferroelectric substrate (such as SrTiO3, MgO etc.) [8-10] led to weak magnetoelectric 

coupling due to the clamping effect. To reduce the clamping effect, ferroelectric substrates such 

as PbZrTiO3, (1-x)[Pb(Mg0.33Nb0.67)O3]-xPbTiO3 and BaTiO3 have been used directly instead of 

depositing the ferroelectric layer on non-ferroelectric substrates [11, 12]. Most promising 

ferroelectric substrates are expensive and mostly lead-based (hazardous). Also, these ceramic 

substrates are brittle which limits their usage for flexible and wearable device applications. 

Developing flexible magnetoelectric materials has been a challenging issue for researchers. 

Thanks to Polyvinylidene fluoride (PVDF), an organic ferroelectric polymer, an effective solution 

to design the artificial flexible magnetoelectric material is possible by hosting the non-conducting 



ferromagnetic NPs [13, 14]. This would enable better cross-coupling between ferroelectric and 

ferromagnetic ordering with minimum clamping effect in the designed flexible magnetoelectric 

composite materials [13, 15] which can easily be molded in different shapes depending on the 

requirement.  

Over the past decade, tremendous efforts have been made to develop flexible artificial 

magnetoelectric material systems such as SmFeO3/PVDF-TrFE, laminate Terfenol-

D/PZT/Terfenol-D, CoFeB/PVDF/CoFeB composite, Permalloy-FeMn on Kapton, 

CoFe2O4/CNT/PVDF etc. [13, 14, 16]. In the SmFeO3/PVDF-TrFE flexible multiferroic system, 

the addition of ferromagnetic SmFeO3 NPs in the PVDF matrix, results in the degradation of 

piezoelectric properties of the composite [17], which is a severe challenge and needs to be 

addressed to achieve significant magnetoelectric coupling at room temperature. The effect of 

different size, shape and surface charges of ferromagnetic nanoparticles (CoFe2O4, NiFe2O4, 

Ni0.5Zn0.5Fe2O4) inside PVDF matrix had also been studied to improve the electroactive phase of 

flexible artificial multiferroic composite [18-29]. In addition, Martin’s et. al also studied the effect 

of magnetization orientation of filler magnetic nanosheets on the electroactive phase of 

multiferroic composite [28]. The critical requirement for device applications using multiferroic 

composite systems, is to achieve polarization (magnetization) switching as a function of applied 

magnetic (electric) field without degrading their ferroic orders. The research work of designing 

these room temperature flexible multiferroic is still in the stage of infancy and need further 

advancement to achieve reliable and efficient switching.  

The present paper demonstrates a reliable room temperature magnetocapacitance switching in 

PVDF/NiFe2O4 based robust, flexible, and free-standing artificial multiferroic composite system. 

PVDF is chosen as a host material which serves as a free-standing flexible ferroelectric substrate 



whereas NiFe2O4 NPs provide the ferromagnetic ordering in the designed composite. The different 

weight percentage (wt %) of NiFe2O4 NPs in the PVDF matrix is varied to realize the significant 

room temperature magneto-electric cross-coupling. The synthesised multiferroic composites 

(PVDF loaded NiFe2O4 NPs) were subjected to the structural, magnetic and magneto-capacitance 

measurements. The magneto-capacitance measurement of 40 wt % of NiFe2O4 in PVDF matrix 

reveals the presence of room temperature switchable magneto-electric coupling.  

Experimental Section 

PVDF/NiFe2O4 composite films with different wt % of NiFe2O4 NPs in the PVDF matrix were 

prepared by solution casting method. To prepare the NiFe2O4 NPs, 0.4 M ferric chloride, 0.2 M 

nickel chloride hexahydrate solutions were prepared in 20 ml deionized water. Next, NaOH pellets 

were added in 50 ml of deionized water for preparing 3 M solution of the NaOH which was used 

as a precipitating agent. After obtaining a well-dissolved solution, a 0.4 M solution of ferric 

chloride was added dropwise in the 0.2 M solution of the nickel chloride. During this process, the 

solution was stirred continuously using magnetic stirrer for 30 minutes. In the next step, 3 M NaOH 

solution was added drop by drop in the mixed solution. During this step, the pH of the solution 

was measured continuously using a pH meter. The reaction was stopped when the pH of the 

solution reached above 12. The acquired liquid precipitate was brought to a reaction temperature 

of the 80 °C for 1 hour. Subsequently, the product was cooled to room temperature and filtered. 

The filtered precipitate was washed twice with distilled water and ethanol to remove the unwanted 

impurities and dried overnight in the oven at 80 °C following the method prescribed by Maaz et 

al. [30]. The obtained precipitate was annealed at 600 °C to obtain the correct phase of the NiFe2O4 

NPs. Next, NiFe2O4 NPs were subjected to X-ray diffraction (XRD, Siemens D-5005 

diffractometer), X-ray photoemission spectroscopy (XPS, Kratos AXIS Supra) and vibrating 



sample magnetometer (VSM, Lake Shore 7400) measurements to investigate the structural, 

bonding and magnetic properties, respectively.  

The capacitive configuration device was designed by depositing 100 nm gold electrodes on the top 

and bottom of the free-standing PVDF/ NiFe2O4 composite sheets (10 wt % and 40 wt %) and used 

to measure the electrical, dielectric and magnetoelectric properties. I-V measurements were 

performed using a Keithley 2450 source measurement unit. The dielectric measurements were 

performed in a frequency range of 100 Hz – 1 MHz using impedance analyzer (6500B). 

 Results and Discussion 

Figure 1(a and b) shows the XRD pattern and inverse spinel structure of NiFe2O4 with the 

octahedral (brown) and tetrahedral (gray) sites, respectively. The XRD peaks at 30.58º, 35.92º, 

37.57º, 43.67º, 54.07º, 57.62º, and 63.27º correspond to the (220), (311), (220), (400), (422), (511) 

and (440) lattice planes, respectively, for the inverse spinel cubic structure of the NiFe2O4. The 

peaks present in the diffraction pattern matched with JCPDS data card number 74-2081 [30].  The 

average crystallite size of the NiFe2O4 NPs is calculated by the Debye Scherrer equation, 

D=0.9λ/BCosθ, where λ is a wavelength of the incident Cu K𝛼𝛼, θ is a Bragg’s reflection angle, and 

B is a full-width half maximum of the diffraction peaks. The average crystallite size of the NiFe2O4 

NPs was estimated to be 22.0 ± 0.2 nm corresponding to the most intense (311) diffraction peak. 

To further confirm the formation of NiFe2O4 phase, the XPS was performed for synthesized NPs. 

The core-level spectra of Fe (2p), Ni (2p) and O (1s) were recorded and are shown in Fig 1(c-e). 

The observed core level spectra were calibrated with the binding energy of C (1s) (285.0 eV). Fig. 

1(c) shows the Fe 2p spectrum with two prominent peaks at binding energies of 710.7 eV and 723.6 eV, 

which correspond to 2p3/2 and 2p1/2, respectively [31, 32]. The 2p3/2 peak is deconvoluted into three 

peaks. The deconvoluted peaks at 710.7 eV and 712.7 eV correspond to octahedral and tetrahedral 

https://pubs-rsc-org.ezlibproxy1.ntu.edu.sg/en/content/articlelanding/2014/ra/c4ra01793e#fig2
https://pubs-rsc-org.ezlibproxy1.ntu.edu.sg/en/content/articlelanding/2014/ra/c4ra01793e#fig2


bonding of iron with oxygen respectively, while a small peak at 709.7 eV belongs to the Ni LMM 

transition. Similarly, the 2p1/2 peak is also deconvoluted in two peaks at 723.8 eV and 726.1 eV 

corresponding to octahedral and tetrahedral bonding of iron with oxygen, respectively. The peak fitted 

at 719.1 eV and at 732.2 eV are satellite peaks belonging to 2p3/2 and 2p1/2 peaks of the iron spectrum, 

respectively.  Fig. 1(d) shows the spectrum of the Ni (2p) peak in the NiFe2O4 NPs. The spectrum fitted 

with the three peaks at 854.4, 856.4 and 861.8 eV belong to Ni 2p3/2. Fig. 1(e) shows the O (1s) core 

level spectra.  The binding energies at 529.8 eV, 531.4 eV and 532.9 eV indicate the presence of lattice 

oxygen (OL), valence oxygen (OV) and chemisorbed oxygen (OC), respectively. Thus, XPS result 

confirms the formation of octahedral and tetrahedral bonding of iron with the oxygen and hence the 

formation of NiFe2O4 phase.  Fig. 1(f) shows the M-H loop of the synthesized NiFe2O4 NPs with the 

coercivity of about 65 Oe. 
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Fig. 1. (a) X- ray diffraction pattern of NiFe2O4 NPs. (b) Schematic showing the inverse spinel structure of the 
NiFe2O4 with the octahedral (brown) and tetrahedral (gray) sites. XPS spectra of the NiFe2O4 NPs indicating the 
presence of (c) Fe 2p, (d) Ni 2p, and (e) O 1s binding energy peaks. (f) M-H loop of the as synthesized NiFe2O4 
NPs. 

Transmission electron microscope (TEM) measurement was performed to estimate the average 

particle size of the prepared NiFe2O4 magnetic NPs as shown in fig. 2(a). From the analysis of the 

TEM image, the average particle size was about 18±9 nm. The inset of the fig. 2(a) shows the 

selected area electron diffraction (SAED) pattern of the NPs exhibiting bright circular rings. The 

observed circular rings in SAED corresponds to the (220), (311), (440), (422) and (511) diffraction 

planes. These lattice planes are matching well with the XRD pattern for the NiFe2O4 NPs shown 

in fig 1(a). Fig. 2(b) shows the high-resolution TEM image of the NiFe2O4 NPs. The lattice spacing 



is calculated by taking the average over 10 fringes and found to be 0.25 nm, corresponding to (311) 

plane, which also matches with the lattice spacing calculated for the same plane from XRD pattern 

shown in fig 1(a).  Fig. 2(c-f) shows the elemental mapping of the NiFe2O4 NPs dispersed on the 

silicon substrate using energy-dispersive X-ray spectroscopy (EDS). The observed elemental maps 

indicate the uniform distribution of Ni, Fe and O in NiFe2O4 NPs.  To get the clear idea of the 

covered and uncovered part of the silicon substrate with NiFe2O4 NPs, the EDS mapping of the Si 

(blue) is also presented.  

 

 

Fig. 2. (a) Transmission electron microscope image of NiFe2O4 NPs; inset shows the selected area electron 
diffraction pattern. (b) High resolution TEM image of the NiFe2O4 NPs with fast Fourier transform (FFT) image 
on the bottom right corner and the inverse FFT image at the top left corner with d spacing of 0.25 nm. Elemental 
mapping of (c) Si, (d) Ni, (e) O, and (f) Fe using energy dispersive X-ray spectroscopy of NiFe2O4 NPs dispersed 
on Si substrate. 

 



After confirming  the structural phase and magnetic properties, different wt % i.e. 10 wt % (100 

mg), 20 wt % (200 mg), 30 wt % (300 mg) and 40 wt % (400 mg) of NiFe2O4 NPs  annealed at 

600 ºC were dispersed in 10 mL N, N-dimethylformamide (DMF) in four different beakers and 

sonicated for the 30 minutes to prepare homogeneous solutions. Next, 1 g of PVDF powder was 

added in the all prepared solutions and sonicated for 1 hour to form a well-dispersed gel-type 

solution. The prepared gel-type solution was poured into Petri dishes and then dried at 60 ºC in the 

microprocessor-controlled oven to form the free-standing and flexible sheets of the NiFe2O4 

embedded PVDF, i.e. the PVDF/NiFe2O4 composite. To confirm the successful loading of the 

NiFe2O4 in the PVDF matrix, the VSM measurements were performed. Fig. 3(a) shows the M-H 

loops for all four composite samples with different NiFe2O4 NPs loading concentration. As the 

concentration of the nickel ferrite NPs increases from 10 wt % to 40 wt %, the saturation magnetic 

moment (emu) of the composite increases almost linearly, as shown in fig. 3(b). The linear increase 

in the magnetic moment of the composite with increasing loading concentration of magnetic 

NiFe2O4 NPs confirms the successful incorporation of added magnetic NPs inside the PVDF 

matrix. The PVDF/NiFe2O4 composite with the different concentration of NiFe2O4 NPs shows that 

the coercivity of the composite did not change, as seen in fig. 3(b), which is correct as the 

coercivity does not depend on the amount of the magnetic material. To investigate the effect of 

NiFe2O4 NPs filler concentration on the electroactive β-phase of PVDF, the XRD measurements 

were done and are shown in 3(c). The ratio of the intensities of 20.8º and 18.4º XRD peaks, 

𝐼𝐼20.8
𝐼𝐼18.4
� , corresponds to the electroactive β-phase, higher is the ratio higher is the amount of 

electroactive β-phase [33]. The intensity ratio of the composite samples is plotted in the fig. 3(d). 

There is a marked enhancement in the electroactive β-phase fraction in PVDF after 40 wt % 

NiFe2O4 loading in comparison to 10 wt % sample, as shown in fig. 3(d). The transformation from 



a lower fraction of electroactive polar (β) phase in PVDF (10 wt % loading of NiFe2O4) to 

significantly enhanced fraction of polar electroactive β-phase in 40 wt % PVDF/NiFe2O4 

composite can be attributed to electroactive interaction between the PVDF molecules and magnetic 

nanoparticles as shown in fig.3 (e).  The PVDF contains two dipoles, -CH2 as a positive dipole and 

-CF2 as a negative dipole so depending on the zeta potential (positive or negative) of introduced 

nanoparticles either the positive dipole or the negative dipole of PVDF interacts with the 

nanoparticles. For example, from previous reports, the total surface charge was found to be 

negative on SiO2, NiFe2O4 and CoFe2O4 NPs, from zeta potential measurements, and hence the 

positive -CH2 dipole of PVDF interacted with these nanoparticles in composite through 

electrostatic interaction [29, 34].  In the case of Ce-Fe2O3 and Ce-Co3O4 the total surface charge 

was found to be positive and hence they interacted with the negative -CF2 dipole of the PVDF 

molecule in composite [35]. In our case, the positive -CH2 dipoles of the PVDF molecule are 

expected to interact with the negative surface charged NiFe2O4 NPs [29] through static electric 

interaction leading to enhancement in electroactive β-phase fraction, as shown schematically in 

fig. 3(e). Henceforth, further studies are performed only on 10 wt % and 40 wt % NiFe2O4 loading 

as they have the maximum difference in the electroactive β-phase of PVDF.  

 



Fig. 4(a) and 4(b) show the I-V measurements for the 10 wt % and 40 wt % NiFe2O4 NPs loaded 

composite films, respectively. As we sweep the voltage from –30 V to +30 V (pink color for 10 

wt % sample in fig. 4(a)), there is a sudden enhancement in the leakage current at coercive voltages. 

This sudden enhancement in the leakage current indicates that at the coercive voltage the dipoles 

randomized thus allows maximum flow of current due to loss in dielectric property.  Initially, the 

 

 
Fig. 3. (a) M-H loops of the 10 wt %, 20 wt %, 30 wt % and 40 wt % NiFe2O4 NPs loaded composite films. (b) 
Variation in the saturation magnetic moment and magnetic coercivity with NiFe2O4 NPs concentration in 
PVDF/NiFe2O4 composite. (c) X-ray diffraction of the 10 wt % to 40 wt % composite films. (d) Variation of the 

ratio of  𝐼𝐼20.8
𝐼𝐼18.4
�  (electroactive phase) with loading of NPs from 10 to 40 wt %. (e) Schematic of ion-dipole 

interaction between negatively surface charged NiFe2O4 NPs and positive –CH2 dipole of PVDF.  
 



sweep voltage starting point is above the coercive field at –30 V, but as it crosses the zero applied 

voltage value, the polarity changes and on the positive side at about 6.9 V there is a sharp increase 

in the leakage current due to the randomization in the electric dipole moment. Above the 6.9 V, 

dipoles align in the direction of the electric field and lower down the leakage current. Similarly, 

for +30 to –30 V sweep (red color), switching is observed at negative 6.9 V. For the 10 wt % and 

40 wt %, the switching voltage was observed at 6.9 V (fig. 4(a)) and 7.2 V (fig. 4(b)), respectively. 

More importantly, as the loading of the insulating magnetic NPs is increased the maximum leakage 

current decreased from about 60 nA for 10 wt % to about 20 nA for 40 wt % samples, respectively. 

Fig. 4 (c) and 4 (d) show the variation of the imaginary part of impedance with the real part for 10 

wt % and 40 wt % composite samples, respectively, at different applied magnetic field. For the 10 

wt % sample the change in the impedance with the applied magnetic field is very small but as we 

increase the concentration of filler NiFe2O4 NPs to 40 wt% the change in the impedance with the 

applied magnetic field is significant. In addition to a large variation in impedance with the applied 

magnetic field, the total impedance of the 40 wt% loaded sample is also enhanced. The 

enhancement in the impedance can be explained by the dielectric measurement. 

 



 

Fig. 4. (a) The typical I-V measurement of the 10 wt %; the inset shows the photograph of the flexible and free-
standing film. (b) I-V measurement of 40 wt % composite film; the inset shows the schematic of the device used 
for the measurement. Cole-Cole plot of (c) the 10 wt % and (d) 40 wt % composite films. 

 

Fig. 5(a and b) show the frequency dependence of the dielectric properties of the 10 wt % and 40 

wt % PVDF/NiFe2O4 composite films by varying the frequency from 100 Hz to 1 MHz. The 

frequency response of the dielectric constant in the low frequency and higher frequency region can 

be explained by the Maxwell-Wagner-Sillars polarization effect, which leads to the charge 

accumulation at the PVDF/NiFe2O4 NPs interface [36-40]. The dielectric constant, in the absence 

of applied magnetic field, of 10 wt% composite film at 100 Hz is 22 (fig. 5(a)) while for 40 wt% 

sample it is increased to 92 (fig. 5(b)). The four times increase in dielectric constant of 40 wt% 



composite (at 100 Hz) also supports the decrease in the leakage current, observed in fig. 4. The 

dielectric constant decreases for 10 wt % and 40 wt % PVDF/ NiFe2O4 composite samples with 

the increase in frequency; and were found to be 15 and 54 at 1 MHz, respectively. It may be noted 

that the dielectric constants of PVDF and NiFe2O4, individually, are typically in the range of 25-

10 in the frequency range of 100 Hz to 1 MHz [41, 42]. The significant increase in dielectric 

constant for 40 wt% PVDF/NiFe2O4 composite sample in the range of 92 – 54 for 100 Hz to 1 

MHz range is due to the increase in electroactive β-phase which is known to increase not only the 

dielectric constant but also the piezoelectric coefficients, pyroelectric and ferroelectric properties 

[43]. The variation in the dielectric constant by changing the applied magnetic field from 0 T to 

1.0 T for 10 wt % sample at 100 Hz frequency and 1 MHz frequency is around 0.2 %. However, 

for the 40 wt % composite sample the change in dielectric constant is significant as the magnetic 

field was varied from 0 T to 1.0 T.  The variation in the dielectric constant is about 7.2 % and 3.8% 

as the magnetic field is increased from 0 T to 1 T at 100 Hz and 1 MHz frequencies, respectively. 

Fig. 5(c and d) shows the dielectric loss variation with the frequency for the 10 wt % and 40 wt % 

composite samples. The dielectric loss for the 10 wt % and 40 wt % PVDF/NiFe2O4 composite 

samples shows a minimum at about 10 kHz suggesting this as the suitable frequency for device 

application. A slightly higher value of dielectric loss for 40 wt % PVDF/NiFe2O4 composite 

sample found with increased concentration of NiFe2O4 NPs as shown in Fig 5(d). 

 



 

 

 Fig. 6 shows the variation of the magnetocapacitance of 10 wt % and 40 wt % composite films as 

a function of the applied magnetic field. The magnetocapacitance percentage change is defined as 

a change in capacitance with respect to zero magnetic field,  𝑀𝑀𝑀𝑀% = 𝐶𝐶(𝐻𝐻)−𝐶𝐶(0)
𝐶𝐶(0)

× 100, where 𝑀𝑀(𝐻𝐻) 

is the capacitance at applied magnetic field H and 𝑀𝑀(0) is the capacitance at a zero magnetic field. 

Fig. 6 (a) shows the polymer chain of the PVDF consisting of the carbon, fluorine, and hydrogen 

atom. Fig. 6 (b) shows the schematic of inverse spinel crystal structure of NiFe2O4 NPs. After 

 

Fig. 5. (a) Variation of the dielectric constant with the frequency at 0 T, 0.6 T, 1 T applied magnetic field for 10 wt 
% and (b) 40 wt % PVDF/NiFe2O4 composite samples. The variation of dielectric loss with frequency at 0 T, 0.6 
T, 1 T applied magnetic field for (c) 10 wt % and (d) 40 wt % PVDF/NiFe2O4 composite samples.   



combining both ferroic order the positive -CH2 dipole of PVDF and the negatively zeta potential 

of NiFe2O4 NPs interact through electrostatic interaction as shown in fig 6 (c). Fig. 6(d) shows the 

schematic of the magnetocapacitance measurement setup for artificial multiferroic PVDF/NiFe2O4 

composite samples. The magnetocapacitance percentage change, MC%, for 10 wt % varies linearly 

with applied magnetic field as shown in fig. 6(e). But for 40 wt % PVDF/NiFe2O4 composite 

sample the variation in MC% with the magnetic field is forming a loop-like behavior with 

switchable magnetocapacitance as shown in fig. 6(f). The switchable behavior of 

magnetocapacitance response with the applied magnetic field for 40 wt % PVDF/NiFe2O4 

composite confirms the presence of the magnetoelectric coupling in this artificial multiferroic 

system at room temperature. Notably, the magnetocapacitance of the 40 wt % is increased by one 

order in comparison to 10 wt % composite. The enhanced electroactive β-phase in 40 wt % 

PVDF/NiFe2O4 composite is responsible for the origin of an improved magnetocapacitance with 

loop-like behavior. Hence, through this work we clearly demonstrate the magnetoelectric coupling 

in artificial multiferroic system of PVDF/NiFe2O4 composite.  



 

Fig. 6. (a) Schematic of the polymer chain of PVDF consisting of Hydrogen, Fluorine and Carbon atoms. (b) Schematic 
of the crystal structure of NiFe2O4 NPs. (c) Ion-dipole interaction between NiFe2O4 and PVDF in the composite. (d) 
Schematic of the measurement set-up of the magnetocapacitance for artificial multiferroic composite. (e) Variation of 
Magnetocapacitance with the magnetic field for 10 wt % composite film at 10 kHz. (f) Variation of Magnetocapacitance 
with the magnetic field for 40 wt % composite film at 10 kHz. 

 

Conclusion 

To conclude, the electric, dielectric and magnetodielectric properties of the PVDF/NiFe2O4 

artificial multiferroic composite have been successfully manipulated by controlling the loading 

concentration of NiFe2O4 NPs in the PVDF matrix. The coercive electric voltage for the 10 wt% 

and 40 wt % PVDF/NiFe2O4 composite films is 6.9 V and 7.2 V, respectively, confirmed using    

I-V measurement of these samples. The 40 wt% PVDF/NiFe2O4 composite sample shows the 

smaller leakage current indicating the enhanced dielectric constant for this sample. The 



enhancement in the dielectric constant, with increase in NiFe2O4 loading concentration, is 

attributed to the relative increase in the electroactive β-phase fraction as estimated through XRD 

analysis for artificial multiferroic films. The increase in relative fraction of the electroactive phase 

is due to the static electric interaction between positive –CH2 dipole of PVDF and negative zeta 

potential of NiFe2O4 NPs. The total impedance and dielectric constant of the composite were found 

to increase under externally applied magnetic field with the increase in loading wt % of magnetic 

NiFe2O4 NPs indicating improved magnetic response of the composite. Measurement of the 

magnetocapacitance with the magnetic field for 40 wt % sample exhibited the non-linear loop-like 

behavior which confirms the magnetoelectric coupling between ferroelectric (PVDF) and 

magnetic (NiFe2O4 NPs) component present in composite sample. Thus, our work provides the 

successful development of PVDF/NiFe2O4 artificial multiferroic composite system with confirmed 

magnetoelectric response which can be used in future flexible wearable magnetoelectric memory 

and sensor devices with dual control. 
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