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Abstract 

The electric, magnetic, and magnetoelectric characteristics of BiFeO3 - MnFe2O4 - PMMA (BMFO 

- PMMA) nanocomposite films were examined using the solvent-casting approach. The films' 

structural examination was carried out using XRD, SEM, AFM, and FTIR spectroscopy, 

confirming the existence of BiFeO3 and MnFe2O4 phases as well as the amorphous phase of 

PMMA.  At room temperature, magnetoelectric coupling experiments show that the composite 

film is multiferroic, with considerable magnetoelectric coupling between BiFeO3, MnFe2O4, and 

PMMA. The coupling coefficient of the ceramic-polymer composite film with increased 

concentration of nanoparticles measured is 52.22 mV/cmOe, which is lower than the ME 

coefficient of PMMA alone.  At room temperature, the hysteresis loop validates the composite's 

ferromagnetic characteristic. Improvements include a significantly greater dielectric constant (67), 

a huge dielectric loss, and a modest increase in ac conductivity. These unique nanocomposites' 

dielectric characteristics, magnetoelectric coupling, and ferromagnetic properties at room 

temperature make them highly appealing for magnetoelectric device applications. 
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1.  Introduction  

 Polymer multiferroic nanocomposites are well-suited for application in electronic devices 

because they have a high degree of flexibility and can be cast in film form [1]. Additionally, these 

polymer-based composites have several other advantages, such as minimizing leakage currents 

and dielectric loss, which prevent failures during operation [2,3].  The nanocomposites of this type 

are largely determined by how nanoparticles interact with the polymer matrix.  Nanocomposite 

films made of polymers exhibit improved ME responses [3 – 5] 

 The PMMA (polymethyl methacrylate) polymer is one of the best insulating polymers.  It 

has been reported that this polymer has dielectric constants and dielectric losses of 2.6 and 0.014 

respectively, measured at 1 MHz.  Nanocomposites can be made from this polymer due to its low 

dielectric loss.  Nanocomposites synthesized from polymers are crucial to polymer 

nanotechnology.  Few studies have been conducted on the electrical, magnetic, structural, 

vibrational, and microstructural properties of PMMA - BiFeO3 nanocomposites.  Ahlawat et al. 

have discussed the magnetic and dielectric properties of PMMA-BFO nanocomposites [6].  They 

reported that as the level of BFO in the composite increased, so did the magnetic and dielectric 

properties.  However, these properties are not suitable for device applications.  El Sayed et al. have 

reported the increased dielectric constant from 2.03 to 5.19 with very small dielectric loss by the 

incorporation of 1 wt% of BiFeO3 into PMMA matrix [7].  Sun et al. revealed the microwave 

shielding performance of the material had been improved by filling BFO nanoparticles in PMMA 

matrix [8].  The outcomes of the reported investigations, however, are insufficient for use in 

devices.  As a result, more research into this nanocomposite is required.  Ceramic composites can 

improve the properties of polymers, potentially leading to a wide range of practical uses based on 

the filler in the polymer matrix [9 –14].  For the manufacture of polymer nanocomposites, solvent 

casting is one of the simplest and least time-consuming techniques.  A large amount of research 

has been done on various polymer ceramic composites over the last few years [15,16].  Because 

of their use primarily in embedded capacitors, significant emphasis has been dedicated to the 

development of high dielectric constant polymer-ceramic composites.  PMMA can be utilized as 

a matrix in nanocomposites because of its low dielectric loss. 



 The synthesis of BiFeO3 – PMMA polymer nanocomposites and their structural, dielectric, 

and magnetic properties have been the subject of numerous studies.  However, there has been no 

research into incorporating BiFeO3 – MnFe2O4 (BFO - MFO) nanoparticles into a diamagnetic and 

insulating PMMA matrix.  As a result, the current research describes the synthesis of BiFeO3 – 

MnFe2O4 – PMMA (BMFO - PMMA) polymer nanocomposites as well as their structural, 

electrical, magnetic, and magnetoelectric coupling properties. 

2.  Experimental procedure 

 

Figure 1. Schematic representation of BiFeO3 - MnFe2O4 - PMMA nanocomposite films 

 Initially, the Pechini method was used to synthesize 0.7BiFeO3 - 0.3MnFe2O4 ceramic 

powder [17].  x[0.7BiFeO3-0.3MnFe2O4] - (1 - x) PMMA films for x = 0, 3 wt%, 6 wt% were 

prepared by the solvent casting technique. Toluene was used as a solvent to make the PMMA 

solution.  PMMA was weighed and mixed with the solvent toluene and stirred for an hour at 40ºC.  

And then, different weight percentages of nanoparticles were added to the solution and stirred for 

24 hours to make PMMA nanocomposite solution.  The solution mixtures were then cast on a clean 

petridish and allowed to dry for three days at room temperature.  A thin polymeric film was created 

once the solvent had completely evaporated. 

The crystalline nature of BFO – MFO - PMMA nanocomposites was examined using 

Rigaku Miniflex 600 X – ray Diffractometer.  The 2θ values from 20° - 80° was scanned at the 



rate of 3°/ min.  The FT-IR absorption spectra of all the composites were recorded using 

ThermoFisher scientific Fourier Transform Infrared (FT-IR) spectrometer. The SEM images of 

the samples were captured using Carl Zeiss Sigma Field Emission Scanning Electron Microscopy 

(FE-SEM).  The magnetization measurements were carried out using Vibrating Sample 

Magnetometer (VSM) in the field range of 20 kOe ≥ H ≥ -20 kOe.  Radiant's precision 

multiferroic testing system was used for the examination of ferroelectric properties of the 

samples.  The frequency-dependent dielectric parameters in the range 100 Hz to 2 MHz were 

measured using an Impedance Analyzer (Agilent E4980). The ME coupling coefficient 

measurement of the composites were performed at fixed Hac = 10 Oe of frequency 850 Hz 

collinearly with varying Hdc from 0 – 5 kOe and at fixed Hdc of 1 kOe collinearly with varying 

Hac from 0 – 80 Oe.  A lock-in amplifier set up was used to record the induced ME voltage.  All 

the characterization studies were executed at room temperature. 

3. Results and discussion 

3.1 XRD analysis 

 The XRD pattern of x[0.7BiFeO3 - 0.3MnFe2O4] - (1 - x) PMMA nanocomposites for (x= 

0 wt%, 3 wt%, 6 wt%) at room temperature is shown in Figure 2.  The figure also includes an XRD 

graph of the 0.7BiFeO3 - 0.3MnFe2O4 nanoparticles.  The existence of an amorphous polymeric 

chain is responsible for the emergence of a broad peak between 10º-20º, while all of the acute 

peaks are caused by BFO – MFO nanoparticles.  BiFeO3 and MnFe2O4 are the peaks designated 

by the letters B and M, respectively.  The strength and sharpness of the peaks grow as the loading 

percentage of BFO - MFO nanoparticles increases, as seen in the Figure 2. 



 

Figure 2.  XRD pattern of x[0.7BiFeO3-0.3MnFe2O4] - (1-x) PMMA nanocomposites (x = 0 

wt%, 3 wt%, 6 wt%. 

3.2 FESEM analysis 

 The FESEM images of pristine PMMA, 3 wt% BMFO/PMMA, and 6 wt% BMFO/PMMA 

nanocomposites are displayed in Figure 3.  As seen in the Figure 3, the BMFO nanoparticles are 

simply dispersed in the PMMA matrix.  The pristine PMMA has a uniform morphology.  With the 

addition of BMFO particles, however, the PMMA matrix displayed variable dispersion and a slight 

aggregation of nanoparticles.  It could be owing to the matrix's fast evaporation of solvent.  As can 

be observed in the image, the agglomeration has grown as the loading percentage of the 

nanoparticles has increased.  It is because of the interfacial interaction and load transfer between 

the matrix and the nanoparticles. 



 

Figure 3.  FESEM of x[0.7BiFeO3-0.3MnFe2O4] - (1-x)PMMA nanocomposites (x= 0 wt%, 3 

wt%, 6 wt%) 

3.3 FTIR analysis 

 

Figure 4.  FTIR spectra of x[0.7BiFeO3-0.3MnFe2O4] - (1-x) PMMA nanocomposites (x= 0 

wt%, 3 wt%, 6 wt%) 



 The FTIR spectra of pristine, 3 wt% BMFO/PMMA and 6 wt% BMFO/PMMA 

nanocomposites are depicted in Figure 4. The presence of a broad band at 2952 cm-1 resulted from 

the asymmetric and symmetric vibrations of the –CH3, –CH2 groups in PMMA molecules [18].  

The ester carbonyl group stretching vibrations, C=O stretching, caused a sudden intensity peak at 

1726 cm-1 [19].  C–H bending vibrations cause a band at 1441 cm-1.  C-O-C symmetrical stretching 

vibrations are related to the peak at 1136 cm-1 [20].  The Fe-O stretching and O-Fe-O bending 

vibrations, which are characteristic of the octahedral FeO6 groups in perovskite compounds, are 

responsible for two significant absorption peaks of about 549.75 and 439.80   cm-1[21].  Peak 

vibrations at 977 cm-1, 844cm-1, and 745cm-1 are caused by C-C stretching, C-CH2 twisting, and 

C-H bending [7], respectively. 

3.4 AFM analysis 

 The AFM images of x [0.7BiFeO3 - 0.3MnFe2O4] - (1- x)PMMA nanocomposites for (x = 

0 wt%, 3 wt%, 6wt%) in 2D and 3D are shown in Figure 5 (a), (b), and (c), and 5 (d), (e) & (f), 

respectively. The 2D and 3D photos of the x = 0 composition show rough surface topography, 

whereas the surface roughness of other compositions reduces as x increases.  It means that as the 

percentage of BFMO nanoparticles in the polymer matrix was increased, the overall roughness of 

the films decreased.  It could be owing to the polymer and nanoparticles' intermolecular, 

intermolecular, and interfacial interactions.  The black area represents the amorphous phase, the 

brown area represents the crystalline phase, and the white and yellow areas represent fully and 

partially embedded nanoparticles.  With the dispersion of nanoparticles into the polymer PMMA, 

the film could acquire a crystalline phase.  It also improves the smoothness of the films.  Here the 

roughness values for x = 0, 3, and 6 wt% are shown at 7.91 nm, 6.52 nm, and 6.35 nm, respectively. 



 

Figure 5 (a), (b) & (c)  AFM images of x[0.7BiFeO3-0.3MnFe2O4] - (1-x)PMMA 

nanocomposites (x = 0 wt%, 3 wt%, 6 wt%) in 2D and (d), (e) & (f) AFM of x[0.7BiFeO3-

0.3MnFe2O4] - (1-x)PMMA nanocomposites (x = 0 wt%, 3 wt%, 6wt%) in 3D. 

3.5 Magnetic properties 

 Magnetization (M) versus applied field (H) for x [0.7BiFeO3 - 0.3MnFe2O4] - (1-x) PMMA 

nanocomposites (x = 0 wt%, 3 wt%, 6 wt%) measured using VSM at room temperature is shown 

in Figure 6. The M-H curve shows zero susceptibility, which indicates diamagnetic behaviour [6].  

These composite films exhibit an increase in magnetization when the percentage of BFMO 

nanoparticles rises to 6 wt%, as expected.  The values of magnetic parameters are summarized in 

Table 1.  It has been shown that Ms, Mr and Hc increases linearly when the magnetic nanoparticles 

in the nanocomposites increase.  For 0, 3, and 6 wt% loading of BFMO nanoparticles, the 

saturation magnetization (Ms) values are 0.085, 0.318, and 0. 545 emu/cm3.  The squareness ratio 

(Mr/Ms< 0.5) [22] verifies the multi - domain structure of the composites.  Moreover, the samples 

show a tendency to become magnetically harder, as can be seen from the high value of coercivity 

[23], after incorporating BMFO nanoparticles into the PMMA matrix. 



 

Figure 6. M – H loop of x[0.7BiFeO3 - 0.3MnFe2O4] - (1 - x)PMMA nanocomposites (x = 0 

wt%, 3 wt%, 6 wt%) 

Table 1 Magnetic parameters of x[0.7BiFeO3 - 0.3MnFe2O4] - (1 - x)PMMA 

nanocomposites 

Samples Ms 

(emu/g) 

Mr 

(emu/g) 

Mr/ Ms 

 

Hc 

(Oe) 

X = 0 0.0858 .00355 0.0414 169.37 

X = 3 % 0.3183 0.0846 0.2657 199.20 

X = 6 % 0.5454 0.1538 0.2820 200.27 

 

3.6 Dielectric properties 

 The dielectric constant of x [0.7BiFeO3 - 0.3MnFe2O4] - (1 - x) PMMA nanocomposites at 

room temperature is shown in Figure 7(a) for (x = 0 wt%, 3 wt%, and 6 wt%).  As it is observed, 

the dielectric constant of the polymer composites rises as the concentration of the BMFO increases 

over all the frequency ranges.  The dielectric constant also declines as the frequency increases.  

This decreasing trend could be observed in the very low frequency region, below 100 Hz in PMMA 

– BFO - MFO composites.  It becomes constant-frequency independent above 100 Hz.  The value 

of the dielectric constant that is observed is 64 for the 6 wt% BMFO/PMMA composites. 

Therefore, the enhancement of dielectric constant is found with the incorporation of BMFO 

nanoparticles.  It results from the interfacial polarization among ceramic-polymer interfaces [18].  

Figure 7 (b) represents the dielectric loss of the polymer nanocomposites.  The samples showed 



greater dielectric loss than the polymer PMMA.  These features matched well with the earlier 

reported results, which could be related to the large loss of the loading of BMFO nanoparticles.  

Also shown in Figure 7 (c) is the frequency-dependent ac conductivity of the polymer 

nanocomposites.  Across the entire frequency range, the ac electrical conductivity of the 

composites rises with frequency, and it is only a little greater than the pure PMMA electrical 

conductivity, indicating that the nanocomposites have good insulating properties [24]. 

 

Figure 7. Frequency dependence dielectric parameters of x[0.7BiFeO3 - 0.3MnFe2O4] - (1-

x)PMMA nanocomposites (x= 0 wt%, 3 wt%, 6 wt%) 

3.7 Ferroelectric properties  

 The ferroelectric performance of x [0.7BiFeO3 - 0.3MnFe2O4] - (1 - x) PMMA 

nanocomposites for (x= 0 wt%, 3 wt%, 6 wt %) was analyzed by displaying the polarization (P) 

vs electric field (E) hysteresis loop.  The Figure 8 represents the P - E loop of the polymer 

nanocomposite samples.  The entire procedure was completed at RT within the range of an electric 

field of ±20V at a frequency 50Hz.  P-E loops are symmetric about the origin, indicating that the 

electric dipoles are uniformly distributed inside the materials [25].  The ferroelectric parameters 

of PMMA and BMFO/ PMMA nanocomposites are listed in Table 2.  For PMMA sample, the 

saturation polarization (Pm) and remanent polarization (Pr) are observed8.6561×10-5μC/cm2 and 



8.6885×10-3μC/cm2 respectively.  But the value of Pm and Pr is found to be suppressed after the 

dispersion of BMFO nanoparticles in different weight percentages into the PMMA matrix.  It may 

be due to the highly lossy nature of the BMFO particles. 

 

Figure 8.  P – E loop of x[0.7BiFeO3 - 0.3MnFe2O4] - (1-x)PMMA nanocomposites (x = 0 wt%, 

3 wt%, 6 wt%) 

Table 2 Ferroelectric parameters of x[0.7BiFeO3 - 0.3MnFe2O4] - (1 - x)PMMA 

nanocomposites 

Samples Pmax 

(μC/cm2) 

Pr 

(μC/cm2) 

X = 0% 8.6561×10-5 8.6885×10-3 

X = 3% 8.4029×10-5 7.5807×10-3 

X =6% 4.8427×10-5 5.8162×10-3 

3.8 Magnetoelectric coupling analysis 

 The AC measurement of the composites' ME voltage is shown in Figure 9(a) by varying 

the AC magnetic field (Hac) at 850 Hz from 0 to 80 Oe while maintaining a constant DC magnetic 

field of 1 kOe.  The ME output voltage develops linearly as Hac is varied. Similar results are 

reported for many polymer nanocomposites [26, 27].  The slope of the magnetoelectric coupling 

curve determines the magnetoelectric coupling coefficient (α).  The ME coupling coefficient of 



the polymer PMMA is observed to be 78.58 mV/cmOe.  The estimated values are summarized in 

Table 3.  The results confirm the reduced ME voltage coefficient of BMFO/PMMA composites as 

compared to the polymer PMMA.  It is because of the presence of conductive and lossy behaviour 

of the BMFO nanoparticles in the composite.  The value of ‘α’ decreased as the loading percentage 

of the nanoparticles increased in the PMMA matrix.  The ME voltage verses dc field (Hdc) from 0 

– 5000 Oe at a constant Hac of 10 Oe is shown in Figure 9(b).  The coupling coefficient may be 

calculated by dividing the ME voltage by Hac.  The evaluated results match the results of the ac 

measurement. 

 

Figure 9. The variation of ME voltage with Hac and Hdc of x[0.7BiFeO3 - 0.3MnFe2O4] - (1-

x)PMMA nanocomposites (x= 0 wt%, 3 wt%, 6 wt%) 

Table 3 ME voltage coefficient of x[0.7BiFeO3 - 0.3MnFe2O4] - (1 - x)PMMA 

nanocomposites 

Samples 

 

α  
(mV/cmOe) 

X= 0 wt % 78.58 

X= 3 wt% 67.39 

X= 6 wt% 52.22 

 



Conclusion 

 The BiFeO3 - MnFe2O4 - PMMA (BMFO - PMMA) nanocomposite films were fabricated 

by the solvent-casting technique.  As revealed by microstructural analysis, BMFO nanoparticles 

have been dispersed in a PMMA polymer matrix.  Observations of magnetic hysteresis loops at 

room temperature show an increase in total magnetization with an increase of magnetic BMFO 

nanoparticles in the PMMA matrix.  When comparing the nanocomposite film to the PMMA 

sample, it exhibits a significantly higher dielectric constant (67), a large dielectric loss, and a slight 

increase in ac conductivity.  The ME coupling coefficient of the PMMA sample showed the highest 

value, and it decreased with the addition of BMFO nanoparticles due to its lossy nature.  The 

results show that insulating PMMA (α = 78.58 mV/cmOe) is an effective polymer for controlling 

leakage current in the fabrication of ME devices. 
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