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Abstract 

(BiFeO3-NaNbO3)-(P(VDF-TrFE)) co-polymer thin films were fabricated by spin coating 

technique and their electric, magnetic, electromechanical and magnetoelectric properties were 

investigated.  In order to get the crystallization ‘ᵦ’ phase, the films have been annealed at 138o 

C.  The structural analysis of the films have been carried out using XRD, SEM, TEM, AFM, 

Confocal Raman spectroscopy and FTIR spectroscopy which confirm the presence of BiFeO3 

and NaNbO3 phases along with P(VDF-TrFE) crystalline phase.  The magnetoelectric coupling 

measurements at room temperature confirm the multiferroic nature of the composite film with 

significant magnetoelectric coupling between BiFeO3, NaNbO3 and P(VDF-TrFE).  The ME 

measurement give a maximum coupling coefficient of 2.4 V/cmOe for the ceramic-polymer 

composite film which is two times higher than that of the ceramic alone.  The higher 

piezoelectricity of the P(VDF-TrFE) (d33 > 20 pC/N)  is expected  to contribute to the 

enhancement in electric and magnetic properties of  the composite.  The hysteresis loop observed 

at room temperature  confirms the ferromagnetic property of the composite.  The ultrahigh 

dielectric constant  for 10 vol % of the ceramic in the polymer matrix with low loss value (≈1) is 

a remarkable improvement.  The resultant high dielectric permittivity, magneto electric coupling 

and ferromagnetic property at room temperature of these innovative nanocomposites make them 

particularly attractive for technological applications as storage energy materials. 

Keywords: Multiferroic, Magnetoelectric coupling coefficient, Piezoelectric coefficient 
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1. Introduction 

 

Multiferroic thin films are technologically important in spintronic devices due to low power 

consumption.1-11 However, the origin of ferroelectricity in single-phase multiferroics is largely 

unrelated to the magnetic order, and the magnetoelectric (ME) coupling observed at room 

temperature in these materials is still too weak to be useful for device design.12  To overcome the 

limitations of single-phase multiferroics, composite and multilayer multiferroics consisting of 

coupled magnetic and ferroelectric phases are promising to show higher magnetization values.  

Now research domains focuses on artificial engineered piezoelectric/magnetoelectric bilayers in 

which magnetization is controlled by an electric field.13-16 Room temperature multiferroicity has 

been intensively investigated in laminates and bilayer thin films.17-22 The  origin of 

magnetoelectric (ME) coupling in bilayer and epitaxial films arises due to magnetostriction and 

piezoelectricity.23-27 Indeed in these kind of bilayers a significant magnetoelectrtic coupling is 

obtained only in the presence of non-negligible in-plane stresses in the magnetic media.28-36 

Such ME composites fabricated by combining piezoelectric and magnetostrictive materials have 

drawn significant recent interest due to their multifunctionality, in which the coupling interaction 

between the piezoelectric and magnetostrictive phases produce a large ME response. 37 

The ME coefficients obtained in these  ceramic particulate or laminated composites are typically 

three orders of magnitude higher than in single phase materials.38-40 On the other hand ceramic 

composites may become fragile and are limited by deleterious reactions at the interface regions 

leading to low electrical resistivity and high dielectric losses (>0.1), hindering in this way the 

incorporation into devices of these materials.41 A promising and less explored approach to obtain 

a good ME coupling is the development of particulate  composites within a polymer matrix 

where the polymer matrix is the piezoelectric phase.  Polyvinylidene fluoride (PVDF) and it’s 

copolymers have the best electroactive performance in the small class of polymers displaying 

piezo, pyro and ferroelectricity.  The PVDF polymer can be characterized as a light, compliant 

material which exhibits considerable dielectric strength, high sensitivity to mechanical loads and 
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stable piezoelectric properties in diverse chemical environments.42,43 Due to these qualities, 

PVDF and P(VDF-TrFE) have been increasingly used in a variety of applications,  particularly in 

such devices as sensors and transducers.44-49  These properties are originated from the strong 

molecular dipoles within the polymer chains.  A large magnetoelectric coupling coefficient of 12 

V/cmOe was observed in polyvinylidene fluoride-hexafluoropropene, (PVDF-HFP) co-

polymers.50  

Nanocomposite thin films composed of ferrimagnetic cobalt ferrite nanocrystals and a 

ferroelectric/piezoelectric polymer PVDF-HFP prepared by spin coating also shows very good 

magneto electric coupling at room temperature.51 There are various reports showing sudden 

increase of magnetoelectric coupling coefficient in layered composites which arises due to 

piezoelectricity.52-56 Polyvinylidene fluoride (PVDF) and poly vinylidene fluoridene-

trifluorethylene (P(VDF-TrFE)) have received special attention as the incorporation of this 

ferroelectric, piezoelectric polymer enhance the dielectric property of the composite.57-59 

P(VDF-TrFE) matrix nanocomposites loaded with nanoparticles of metal oxides and others have 

been specially studied recently.60-63 Even if most of the pure polymers show low dielectric 

constant, PVDF and its co-polymer P(VDF-TrFE) have high dielectric constant which leads to 

good magnetoelectric coupling property.46,47, 64,65 It makes them more attractive in electronic and 

electrical industry due to their inherent advantages in flexibility, easy processing, low coast and 

high breakdown strength.  Therefore a great deal of effort has gone into the development of 

ceramic–polymer composites, which are formed by suspending ceramic powders into a polymer 

matrix.  The created composites combine the advantages of ceramics and polymers, and 

represent a novel type of material that is flexible and easy to process and is of relatively high 

dielectric constant and high breakdown strength.   

 

2. Experimental procedure 

The ceramic nanopowder and polymer solution is prepared separately and then both mixed 

together in different nanoparticle concentrations.  The film samples were prepared in different 

steps.  The preparation technique is detailed below. 

2.1 Preparation of BiFeO3-NaNbO3 composite powder 

Stoichiometric powders of (0.9)BiFeO3-(0.1)NaNbO3 ceramics were synthesized from analytical 

grade (Aldrich) BiNO3, FeNO3, NaNO3, C4H4NNbO9 using pechini method.66 The precursors 
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were dissolved in double distilled water and citric acid was added to the solution with nitrates to 

citric acid molar ratio 1:1 and heated at 80-90o C for the gelation process.  The obtained gel was 

heated at 500o C for 1 hour and final sintering was done at 850o C. 

 

2.2 Thin film preparation 

After cleaning process, the glass substrates are metalized by e-beam evaporation with 10 nm of 

Chromium (sticking layer) and 70 nm of Gold.  Then the copolymer P(VDF-TrFE) is dissolved 

in MEK (Methyl Ethyl Ketone) at a concentration of 14 wt %.  The (0.9)BiFeO3-(0.1)NaNbO3 

ceramic powder is dissolved in the polymer solution in the following concentrations. 

Table 1 : Details of the film samples 

Sl. No. Concentration (wt%) 

of ceramic particle 

Volume of 

copolymer 

solution (mL) 

Mass of 

copolymer 

(mg) 

Mass of 

nanoparticles 

(mg) 

 

1 0 % 4 468 0 

2 5 % BiFeO3 4 468 24.6 

3 5 % BiFeO3-NaNbO3 4 468 24.6 

4 10% BiFeO3-NaNbO3 4 468 52 

 

All the solutions were treated by ultrasonication (Transducer Digital Sonifier Model 450, 

Brandson Ultrasonics Corporation) with action time 1 min 30 s, a power of 120 W (30 % of the 

maximum power) and a pulse on/off 0.1/0.1 (s/s).  The container bottles are put in ice throughout 

the process.  Directly after the ultrasonication process the solutions are spin coated in two steps.  

In the first step rotation speed of 500 rpm, acceleration 125 rpm/s and time 10 s are used.  In the 

second step rotation speed of 1500 rpm, acceleration 125 rpm/s and time 40 s are used.  Then the 

samples put directly at 138o C for 1 hour to get the crystallization phase and cooled down to 

room temperature.  The corona process parameters are 12 kV set-up voltage and 6 min duration.  

The upper metallization is done for deposition of a 10 mm Cr/Au disk in the same apparatus used 

for the lower electrode but under a polymide (Kapton) mask.  A typical configuration of the 

sample is shown in Fig. 1. 
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Fig. 1 The typical configuration of the prepared thin film sample 

The crystal structures of the samples were examined by Phillips X’Pert Pro XRD with Cu-Kα 

radiation (1.54056Å).  Step scanned powder XRD data was collected in the 2θ range 10o-80o at 

room temperature.  Detailed structural analysis was performed using SEM (JEOL JSM 6390), 

Transmission Electron Microscope (JEOL JEM 2100) and FTIR spectroscopy.  The piezoelectric 

property was determined by PFM  using SS01 Piezo-d meter, (Sensor Technologie Limited).  A 

conventional ME measurement has been carried out using the lock in amplifier method67 and 

room temperature dielectric studies were performed using an Agilent 4980 precision LCR meter. 

The magnetization measurements were performed using Vibrating Sample Magnetometer.   

 

3. Results and discussion 

3.1 Structural analysis 

Fig. 2 (a) shows the crystal structure of different phases of PVDF.93  Among the various 

crystalline phases of PVDF, α and β phases are predominant.  Our interest was on electroactive β 

phase which can alter the electric behavior.  The parallel alignment of dipoles in the β phase 

create a net surface charge while the net surface charge is zero in α phase as the dipoles cancel 

out each other due to the random orientation.  The phase structure of the film was examined 

using X-ray diffraction techniques.  Fig. 2(b) shows X-ray diffractograms at room temperature of 

the P(VDF-TrFE)-BiFeO3-NaNbO3 composite films.  For the as-cast film a sharp diffraction 

peak of (200) and (110) planes at 19.9o and 38o (marked by ‘P’) attributed to ferroelectric ß 

phase of P(VDF-TrFE) and are consistent with previously reported results for P(VDF-TrFE) with 

other molar compositions.13,36,48-51 
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Fig. 2 (a) Crystal structure of PVDF different phases, (b) X-ray diffractogram of composite film 
samples for various nanoparticle concentrations in the polymer matrix.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 SEM images of BiFeO3-NaNbO3–P(VDF–TrFE) composite film samples for, (a) P(VDF-
TrFE) alone, (b) 5% BiFeO3 in the P(VDF-TrFE) matrix, (c) 5%  BiFeO3-NaNbO3 in the 
P(VDF-TrFE) matrix, (d) 10%  BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix. 
 

The other peaks marked by ‘B’ and ‘N’ correspond to BiFeO3 and NaNbO3 phases respectively.  

The average crystalline size of nanoparticle found from Scherrer equation varies between 100 

nm to 150 nm.  Fig. 3 shows the SEM images of the as-sintered surfaces of the film.  From the 

SEM images we can observe  the nanoparticle aggregates on the polymer matrices.  Fig. 4 (a) 

and 4(b) shows the TEM images of the film samples.   
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Fig. 4 TEM images of BiFeO3-NaNbO3- P(VDF-TrFE) composite film samples for (a) 5 % 
BiFeO3 in the polymer matrix (b) 5% BiFeO3-NaNbO3 in the polymer matrix (c) HRTEM image 
of 5 % BiFeO3 - NaNbO3 in the polymer matrix. 
 

 

 

Fig. 5 (a) 2D AFM image of 5% BiFeO3-NaNbO3 in the polymer matrix, (b) 3D AFM image of 
5% BiFeO3-NaNbO3 in the polymer matrix, (c) 2D AFM image of 10% BiFeO3-NaNbO3 in the 

polymer matrix, (d)  3D AFM image of 10% BiFeO3-NaNbO3 in the polymer matrix 
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Fig. 6 The phase images of the samples (a) 5% BiFeO3-NaNbO3 in  polymer matrix, 

(b) 10% BiFeO3-NaNbO3 in  polymer matrix. 

 

Fig 4 (c) shows HRTEM of 5% BiFeO3 - NaNbO3 in the polymer matrix which clearly indicates 

the polycrystalline nature of the film sample.  The lattice spacing (d) calculated from the 

HRTEM image matches with JCPDS values corresponding to BiFeO3 and NaNbO3.  The d 

values of 0.27 nm and 0.31 nm corresponds to (110) and (131) planes of rhombohedral BiFeO3 

(JCPDS 74-2016) and orthorhombic NaNbO3 (JCPDS 89-8957 respectively.  Fig. 5 shows the 

AFM images of the film samples.  Here, the surface morphology was studied with AFM by 

taking account of the composite surface.  In the 3D AFM picture, we can observe the surface 

roughness.  Fig. 6 shows AFM phase images of samples with 5% and 10% BiFeO3-NaNbO3 in  

polymer matrix.  The force exerted by the AFM tip on the surface will be different for the nano 

particle and the polymer surface and the phase image  may represents the different 

particles/phases, if present.  The force exerted by the AFM tip on the surface will be different for 

the nano particle and the polymer surface. In the present case a sharp distinction between the 

polymer and nanoparticles cannot be made as there is no much differences in the phase images. 
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Fig. 7 FTIR spectra of (BiFeO3-NaNbO3)-P(VDF-TrFE) composite film samples for (a) P(VDF-
TrFE) alone, (b) 5% BiFeO3 in the P(VDF-TrFE) matrix, (c) 5% BiFeO3-NaNbO3 in the P(VDF-
TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix. 
 
Inorder to have more detailed interpretation of the structure of ceramic composite film samples, 

FTIR spectroscopy is used (Fig. 7).  Several vibrational bands for the co-polymer have been 

assigned to specific confirmations by previous reports.68-71  Characteristic absorption bands due 

to the electro active ß phase at 885 cm-1 (CH2 rocking, CF2 stretching and skeletal C-C 

stretching) have been found.  The band at 1402 cm-1, 1292 cm-1, 1186 cm-1, 885 cm-1, 848 cm-1  

are associated with crystalline phase (ß) of  P(VDF–TrFE) co polymer which shows marginal 

increase in the absorption intensity irrespective of the nanoparticle addition  in the polymer film.  

From the report of Kim.et al,71 it was observed that  the changes in the intensity at 1292 cm-1  

bands is highly dependent on the amount of ferroelectric phase content and can be suitable 

candidate for monitoring the ferroelectric crystalline phase.71  The bands at 3439 cm-1, 2928 cm-
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1, 2335 cm-1  and 1385 cm-1  are due to the ceramic nano particle.  The broad absorption band in 

the range of 3439 cm-1 is assigned to O-H stretching and the 2928 cm-1 band is due to C-H 

stretching vibrations.  A peak at 2335 cm-1   was representative of nitrile72 and the band located at 

1385 cm-1 indicate the existence of nitrate ions.67, 73-74 

 

 

 

 

 
Fig. 8 Confocal raman spectra of BiFeO3-NaNbO3-P(VDF-TrFE) composite film samples for (a) 
P(VDF-TrFE) alone, (b) 5 % BiFeO3 in the P(VDF-TrFE) matrix, (c) 5 % BiFeO3-NaNbO3 in 
the P(VDF-TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix.   
 

The Raman spectra and corresponding Raman images of the samples are shown in Fig. 8.  The 

intensity of the peak from PVDF absorbance (1430 cm-1) remains unaltered in all the spectra.  

Raman spectra also confirm the presence of β phase crystal domains of P(VDF-TrFE) through 

out the films.  By group theory, there are 13 active Raman modes present in BFO for 

rhombohedral R3c structure.  In our samples characteristic modes at 132 cm-1, 169 cm-1, 221 cm-
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1, 254 cm-1 are dominated by the Bi-O covalent bonds and these four characteristic modes results 

the origin of ferroelectric order in the composite.  The other modes which lie between 300 cm-1 

to 600 cm-1 are characteristic modes of BiFeO3.
75  Because of local stress and a large number of 

point defects, several fundamental modes are not detected in the spectrum.  The Raman modes in 

the low wavenumber region 150–300 cm-1 are characteristic of the bending modes of Nb–O–Nb, 

whereas the band at 992 cm-1 is due to a small concentration of the Nb=O surfaces.76-78   The 

Raman band in the range of 500–700 cm-1 (612 cm-1 ) and 150–300 cm-1 (251 cm-1 ) are assigned 

to the Nb–O–Nb vibrations of the NbO6 octahedrons  present in the crystalline structure of 

NaNbO3.  Moreover, the peak at about 871 cm-1 is related to the Nb–O vibrations of isolated 

octahedras.79 

 

The inset shows corresponding confocal Raman images.  The conventional Raman imaging 

method using a narrow spectral range corresponding to a characteristic Raman band of each 

chemical species is adopted.  The contrast and resolution of Raman images can be greatly 

increased by positioning a sharp silver tip near the laser focus.  The simultaneously recorded 

topographic 3D image is presented in the inset of each spectrum.  The bright field region of the 

Raman image represents the nanoparticles and dark region represents the P(VDF-TrFE) matrix. 

 

3.2 Piezoelectric and magnetoelectric studies 

 
Fig.  9 shows the topographic and PFM images of 5% BiFeO3- NaNbO3  and 10% BiFeO3- 

NaNbO3 in PVDF-TrFE matrix.  The topographic image reveals a morphologic structure 

consisting of grains in the nanometer size.  In  the vertical PFM amplitude images shown in Fig. 

9(c) and 9(d),  inhomogeneously distributed regions with  opposite contrast are present.  White 

and dark regions in the  PFM images correspond to domains with the polarization vector oriented 

towards the surface of the sample and to the bottom electrode respectively. 
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Fig.  9  (a)  Surface topography of  5% BiFeO3- NaNbO3  in the polymer matrix (b) Surface 

topography of 10% BiFeO3- NaNbO3  in the polymer matrix (c) PFM image of 5% BiFeO3- 

NaNbO3  in the polymer matrix (d)  PFM image of 10 % BiFeO3- NaNbO3  in the polymer 

matrix. 

These images are reminiscent of the typical PFM contrast observed in polycrystalline 

ferroelectric ceramics.80,81  Domain walls appear as narrow dark lines with a characteristically 

weak amplitude signal and a smallest measured width.  The high value of the PFM amplitude 

signal suggests that the molecular chains in these crystallites are aligned parallel to the substrate.  

The d33 values were determined from the PFM images and it is found to be 34  pC/N and 38 

pC/N for 5 % BiFeO3- NaNbO3  in P(VDF-TrFE) and 10 % BiFeO3- NaNbO3 in P(VDF-TrFE)  

respectively.  This is the most important evidence that the present material is good piezoelectric.  
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It can be seen that the vertical piezoelectric coefficient d33 increases by increasing the % vol of 

nanoparticle in the polymer. 

 

Table 2: The d33 values determined by Berlincourt method 

 

Sl. No. 

 

Concentration (wt%) 

of ceramic particle 

 

      d33 values (pC/N) 

 

1 0 %              19±2 

2 5 % BiFeO3              23±2 

3 5 % BiFeO3NaNbO3              22±2 

4 10% BiFeO3NaNbO3              21±2 

 

The piezoelectric coefficient d33 is also measured using the direct method often called 

Berlincourt method (SS01 Piezo-d meter, Sensor Technologie Limited)82  by applying a force of 

2N and the values are tabulated in Table 2.  There is a slight difference in the  d33 values 

measured by PFM technique and Berlincourt method.  However, from the two techniques 

employed it could be clarified that the material is piezoelectric in nature.  The difference in the 

measured values could be attributed to teh fact that in the PFM technique, the measurements 

have been done on the entire film sample by keeping the entire film on the sample holder and the 

images were taken from different regions.   But in Berlincourt method, only a small portion of 

the sample has been peeled out and the measurements were carried out in this portion.   

In layered multiferroics, the in plane stresses arouse multiferroism.28-36 Among the various 

possibilities, interfacial strain coupling between the ferroelectric and magnetic phases via the 

piezoelectric effect is the most investigated route for the enhancement of multiferroic property in 

layered structures.  Hence the piezoelectric property and magnetoelectric property are very much 

related.  The piezoelectric charge coefficient d33 is one of the fundamental parameters defining 

the piezoelectric activity of a material, basically the higher the d33 value the more active the 

material is.  The d33 coefficient is defined as the charge produced for an applied stress or the 

strain for an applied voltage and these are theoretically equivalent.83 

The coexistence of electric and magnetic phases in the samples which brings about the 

magnetoelectric (ME) coupling was measured using a Lock-in amplifier.  The A.C. magnetic 

field dependence of ME voltage at room temperature is shown in Fig. 10.  The magnetoelectric 
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response for three different fixed DC field is measured.  For every composition, it shows linear 

dependence on the applied field.  The value of magnetoelectric coupling coefficient (α) is 

determined from the slope of the ME curve.  The values of magnetoelectric coupling coefficient 

(α) are tabulated in Table 3.  ME response of ceramic-polymer thin film shows very good result 

compared to the BiFeO3-NaNbO3 ceramic nano powder which we found in our previous 

experiments.40  Here we can say that the piezoelectric polymer P(VDF-TrFE) enhances the ME 

response of the film samples.36,84 

 

Fig. 10 ME voltage as a function of AC magnetic field at different fixed DC field for BiFeO3-

NaNbO3 – P(VDF-TrFE) composite film samples for (a) P(VDF-TrFE) alone, (b) 5% BiFeO3 in 

the P(VDF-TrFE) matrix, (c) 5% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix, (d) 10% BiFeO3-

NaNbO3 in the P(VDF-TrFE) matrix. 
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Fig. 11 ME voltage as a function of DC magnetic field for BiFeO3-NaNbO3-P(VDF-TrFE) 
composite film samples for (a) P(VDF-TrFE) alone, (b) 5 % BiFeO3 in the P(VDF-TrFE) matrix, 
(c) 5%  BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-
TrFE) matrix. 

Table 3 : Calculated values of  magnetoelectric coupling coefficient (α) 

For increasing vol % of ceramic nanoparticles,  the ME response is found to be increasing in the 

composite.  Increase in the ME voltage according to the percentage increase of nanoparticles is 

explained by the increase in the magnetostriction due to the substantial increase of the 

magnetostrictive phase (ie BiFeO3).  For higher concentrations of nanoparticle in the polymer 

matrix,  magnetoelectric coupling coefficient of 2.4 V/cmOe is obtained.  Even if BFO thin films 

show good magnetoelectric coupling at room temperature,85 they often show high leakage 

currents due to oxygen vacancies and mixed Fe valences.86,87 However, multilayer 

heterostructures of BiFeO3 show high magnetoelectric (ME) coefficients.  BiFeO3-BaTiO3 

composite film have a ME coefficient up to 2.4 V/cmOe at 300 K which is much higher than that 

of a single-phase BiFeO3 reference film (4.2 V/cmOe).86  Fig. 11 shows the ME voltage 

variations of the film samples with DC magnetic field.  

Sl. No. Sample Name ME coefficient (α) (V/cmOe) 

 For fix dc 1000Oe For  fix dc 2000Oe 

1 P(VDF-TrFE) 0.01     0.02 

2 5% BiFeO3 1.26     1.88 

3 5% BiFeO3-NaNbO3 1.48     2.42 

4 10%BiFeO3-NaNbO3 1.99        2.42 
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3.3 Magnetic study 

 

 

Fig. 12 (a) Hysteresis loop of the 5% BiFeO3-NaNbO3 and 10 %  BiFeO3-NaNbO3 in PVDF-

TrFE matrix, (b) Temperature dependent magnetization study of  10 %  BiFeO3-NaNbO3 in 

PVDF-TrFE matrix. 

Magnetic hystersis loop of 5% BiFeO3 -NaNbO3 and 10 %  BiFeO3-NaNbO3 in PVDF-TrFE 

matrix at room temperature is shown in Figure 12 (a).  A good hysteresis behaviour  which is 

saturated within the field of 30 KOe can be observed indicating a ferromagentic nature at room 

temperature.  The ferromagnetism of these samples could be a result of the reduction of particle 

size.  The weak ferromagnetism observed in BFO nanoparticles is due to the nonexact 

compensation of the spins with a decrease in particle size.97  When the particle size decreases, 
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number of surface asymmetry atoms increases.  Due to this, the angle of the helical ordered spin 

arrangement is changed and a net magnetic moment appears.99,101-105 

The main possibility is the high piezoelectricity due to the presence of P(VDF-TrFE) co- 

polymer and the other is due to the NaNbO3 content which also has good electromechanical 

property.37  Since the XRD patterns have not detected any impurity phase,  the properties which 

have been observed could be due to  the contribution of the ceramic part  and co-polymer itself.  

The maximum magnetization attained is different for two compositions and found to be 0.04 

emu/g for 10 % BiFeO3 -NaNbO3 and 0.03 emu/g for 5% of BiFeO3-NaNbO3 in P(VDF-TrFE) 

matrix.  The magnetization value is found to be increasing with increase in  the amount of 

nanoparticle in the polymer matrix.  While the coercivity (Hc) and remanant magnetization (Mr) 

are almost same for the two compositions.  The coercive field (Hc) is almost 0.9 kOe for both 

compositions. The ZFC and FC curves of 10 % BiFeO3-NaNbO3 powder in the PVDF-TrFE 

matrix measured under a magnetic field of 200 Oe  is shown in Fig. 12 (b).  The divagation of 

ZFC and FC magnetizations close to room temperature shows the room temperature multiferroic 

property of the sample and also the spin glass behaviour.100  These results are consistent with the 

phenomenon observed in BiFeO3 nanoparticles.89,90 In the case of non magnetic materials there 

will not be any difference in the FC and  ZFC curve.17,100 Some reports indicate that the splitting 

of FC-ZFC curve is due to the coexistance of antiferromagnetic and ferromagnetic phases which 

is usually observed in core shell type BiFeO3 nanoparticles.98  The FC and ZFC magnetizations 

increases gradually with decreasing temperature, and it shows an anomalous behaviour below 

100 K which may be due to the superparamagnetic behaviour commonly observed in BFO.89,90  

The study lead by T.J.Park et.al reports a size reduction from bulk to nano change the 

paramagnetic substance to  ferromagnetic.89 

 

3.4 Electric study 

The frequency dependence of real part of dielectric permittivity (Ɛ) and dielectric loss (tan δ) of 

BiFeO3-NaNbO3 ceramics at room temperature is plotted in Fig. 13 which follows inverse 

dependence on frequency, normally followed by almost all ferroelectric materials.  Compared to 

the dielectric properties of BiFeO3, the present composite film samples possess larger ε whereas 

the dielectric loss is obviously reduced.91,92 
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The dielectric constant of the ceramic polymer composite is very high for the BiFeO3-NaNbO3 

volume fraction of 10 vol %, which is the highest dielectric constant reported so far for the 

polymer composite materials.  A nearly good value of dielectric constant for polymer ceramic 

composite is observed in BaTiO3-PVDF composite.93,95 The ultra-high dielectric constant can be 

caused by conductive behavior or electric heterogeneous nature of the composites or interfacial 

polarization among ceramic-polymer interfaces.  In the electrical property of polycrystalline 

samples, the grain boundary region plays an important role.  The inhomogeneity between the 

grain and grain boundary regions and reduction of movable charges is one of the reasons for 

ultrahigh value of dielectric constant.94 

. 

 

 

Fig. 13  Dielectric relaxation (a) the real part (b) the imaginary part of dielectric dispersion of 
BiFeO3 - NaNbO3-P(VDF-TrFE) composite film samples. 
The dielectric constant of the ceramic polymer composite is more than 5000 for the BiFeO3–

NaNbO3 volume fraction of 10 vol %, which is the highest dielectric constant reported so far for 

the polymer composite materials.  The dielectric constant of the film for BiFeO3 alone in the 

polymer matrix is less than pure P(VDF-TrFE) as BiFeO3 has a low dielectric compared to 

P(VDF-TrFE) and NaNbO3.  The dielectric constant of the composite increases with increasing 

vol % of BiFeO3-NaNbO3 ceramics which indicate the dielectric property can be tuned by 

changing the NaNbO3 content.  The decaying trend of dielectric loss with frequency can be 

ascribed to reduced Ohmic and polarization losses.  As a matter of fact, frequency increase is 

equivalent to reduced available times for free electrons to travel throughout the conductive 

network in each half cycle of alternating field, i.e. reduced Ohmic loss.  Furthermore, due to 
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interfacial polarization relaxation, the interfacial charge polarization decays with frequency 

leading to low dipole moment and polarization loss 

 

Fig. 14 Ferroelectric hysteresis loop of PVDF-TrFE and 5% BiFeO3-NaNbO3 in P(VDF-TrFE) 

matrix 

 

Ferroelectric polarization-electric field (PE) loops of  5% BiFeO3-NaNbO3 in P(VDF-TrFE) and 

pure P(VDF-TrFE)  are shown in Fig. 14.  The polarization value of pure P(VDF-TrFE) is higher 

than that of ceramic-polymer composite.  It means that the electric polymer P(VDF-TrFE) 

contribute mainly to the electric property of our samples.  Pure co-polymer shows PE loop with a 

coercive field (Ec) of 2kV/cm and saturation polarization of 10.9 µC/cm2 which is consistent 

with the previous reports of P(VDF-TrFE).96  The ceramic-polymer composite have saturation 

polarization of 8 µC/cm2 which is mainly due to the ferroelectric phase of co-polymer and 

NaNbO3.   Probably the smaller volume fraction of the polymer phase may be the reason for 

reduction of polarization value in the ceramic-polymer composite compared to PVDF-TrFE 

alone.  Both the remanant polarization and coercive field are  high for P(VDF-TrFE) than the 

ceramic-polymer composite. 

 

4. Conclusion 

Our findings lead to a novel way for preparing energy storing and transforming materials with 

ultrahigh dielectric constant and room temperature magnetoelectric coupling which are required 
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in embedded capacitors, microelectromechanical systems, ultrasonic resonators, high power 

transducers, actuators etc.  A series of BiFeO3-NaNbO3-P(VDF-TrFE) composite films with 

various volume fraction of BiFeO3-NaNbO3 in the polymer matrix were prepared by using spin 

coating technique.  The nanocomposite containing 10 vol % of BiFeO3-NaNbO3 ceramics in the 

polymer have an ultrahigh dielectric constant at 1 kHz frequency which is very much higher than 

pure P(VDF-TrFE) and pure BFO.  The high d33 value observed is a remarkable improvement 

which alter the magnetic and electric properties  of the composite.  The room temperature 

ferromagnetism and magnetoelectric coupling promise tailored applications of current material in 

various fields.  In summary, the giant enhancement in dielectric property as well as 

magnetoelectric coupling in the film sample make them essential for visualizing the real 

application of multiferroics.  Hence in the design of advanced multiferroic materials, multiphase 

BiFeO3-NaNbO3-P(VDF-TrFE) composite film is an attractive and successful approach to 

overcome the limitations of intrinsic single phase multiferroics. 
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Figure captions 

 

Fig. 1: The typical configuration of the prepared thin film sample 

 

Fig. 2: (a) Crystal structure of PVDF different phases. (b) X-ray diffractogram of composite film 

samples for various nanoparticle concentrations in the polymer matrix.  

 

Fig. 3: SEM of BiFeO3-NaNbO3–P(VDF–TrFE) composite film samples for, (a) P(VDF-TrFE) 

alone, (b) 5% BiFeO3 in the P(VDF-TrFE) matrix, (c) 5%  BiFeO3-NaNbO3 in the P(VDF-TrFE) 

matrix, (d) 10%  BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix. 

 

Fig. 4: TEM images of BiFeO3-NaNbO3- P(VDF-TrFE) composite film samples for (a) 5 % 

BiFeO3 in the polymer matrix (b) 5% BiFeO3-NaNbO3 in the polymer matrix (c) HRTEM image 

of 5 % BiFeO3 - NaNbO3 in the polymer matrix. 

 

Fig. 5 (a) 2D AFM image of 5% BiFeO3-NaNbO3 in the polymer matrix, (b) 3D AFM image of 
5% BiFeO3-NaNbO3 in the polymer matrix, (c) 2D AFM image of 10% BiFeO3-NaNbO3 in the 
polymer matrix, (d)  3D AFM image of 10% BiFeO3-NaNbO3 in the polymer matrix 

Fig. 6 The phase images of the samples (a) 5% BiFeO3-NaNbO3 in  polymer matrix, (b) 10% 

BiFeO3-NaNbO3 in  polymer matrix. 
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Fig. 7: FTIR spectra of BiFeO3-NaNbO3-PVDF TrFE composite film samples for (a) P(VDF-

TrFE) alone, (b) 5% BiFeO3 in the P(VDF-TrFE) matrix, (c) 5% BiFeO3-NaNbO3 in the P(VDF-

TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix. 

 

Fig. 8: Confocal raman spectra of BiFeO3-NaNbO3-P(VDF-TrFE) composite film samples for 

(a) P(VDF-TrFE) alone, (b) 5 % BiFeO3 in the P(VDF-TrFE) matrix, (c) 5 % BiFeO3-NaNbO3 in 

the P(VDF-TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix.   

Fig.  9 : (a)  Surface topography of  5% BiFeO3- NaNbO3  in the polymer matrix (b) Surface 

topography of 10% BiFeO3- NaNbO3  in the polymer matrix (c) PFM image of 5% BiFeO3- 

NaNbO3  in the polymer matrix (d)  PFM image of 10 % BiFeO3- NaNbO3  in the polymer 

matrix. 

Fig. 10: ME voltage as a function of AC magnetic field at different fixed DC field for BiFeO3- 

NaNbO3 – P(VDF-TrFE) composite film samples for (a) P(VDF-TrFE) alone, (b) 5% BiFeO3 in 

the P(VDF-TrFE) matrix, (c) 5% BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix, (d) 10% BiFeO3-

NaNbO3 in the P(VDF-TrFE) matrix. 

 

Fig. 11: ME voltage as a function of DC magnetic field for BiFeO3-NaNbO3-P(VDF-TrFE) 

composite film samples for (a) P(VDF-TrFE) alone, (b) 5 % BiFeO3 in the P(VDF-TrFE) matrix, 

(c) 5%  BiFeO3-NaNbO3 in the P(VDF-TrFE) matrix, (d) 10% BiFeO3-NaNbO3 in the P(VDF-

TrFE) matrix. 

Fig. 12 : (a) Hysteresis loop of the 5% BiFeO3-NaNbO3 and 10 %  BiFeO3-NaNbO3 in PVDF-

TrFE matrix, (b) Temperature dependent magnetization study of  10 %  BiFeO3-NaNbO3 in 

PVDF-TrFE matrix. 

Fig. 13:  Dielectric relaxation (a) the real part, (b) the imaginary part of dielectric dispersion of 

BiFeO3 - NaNbO3-P(VDF-TrFE) composite film samples. 

Fig. 14: Ferroelectric hysteresis loop of PVDF-TrFE and 5% BiFeO3-NaNbO3 in P(VDF-TrFE) 

matrix 
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Table captions 

 

Table 1 : Details of the film samples 

Table 2: The d33 values determined by Berlincourt method 

Table 3 : Calculated values of  magnetoelectric coupling coefficient (α) 
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