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ABSTRACT 
 
Bilayer and Tri-layered laminated composites of (2-2) LSMO/P(VDF-TrFE) are prepared using adhesive 

method. Tri-layer structure shows the higher magnetoelectric (ME) coupling coefficient with higher bias 

magnetic field compared to the bi-layer structure. Finite element method (FEM) based simulation for ME 

using COMSOL Multiphysics 6.0 software for the bi-layer and the tri-layer structure supports the 

experimental findings. Both the experimental and simulation determination confirms the strain mediated 

ME effect in the bilayer and tri-layer laminated LSMO/P(VDF-TrFE) structures. 
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1. INTRODUCTION 
 

Magneto Electric (ME) coupling coefficient of composites depends upon the fabrication methods 
and connectivity like particulate i. e. (0-3) connectivity, fiber/rod like i.e. (1-3) connectivity, 

laminate i. e.  (2-2) connectivity [1]. In case of (0-3) structure, the ME coefficient is quite small, 

as the stress induced in the piezoelectric phase is not large. Agglomeration of the piezomagnetic 

nanoparticles in piezoelectric matrix makes electric poling difficult due to large conductivity of 
the piezomagnetic phase and leakage of charges which reduces the number of interfaces, whereas 

in (1-3) structure the ordering of the piezomagnetic phase is higher as compared to (0-3) structure 

which enhances the strain transfer but still there is leakage of charges [2]. On the other hand (2-2) 
structure carries many advantages over other structures like: large interfacial coupling interface 

enhances strain transfer between layers and minimizes leakage of charges due to piezoelectric 

layer having very less conductivity which enhances the electric poling condition of structure 
[1,2]. Manganite materials (based on composition dependent of the phase diagram) show 

excellent magnetostriction and double exchange mediated ferromagnetism at room temperature 

[3, 4, 5, 6, 7]. Among the ferromagnetic manganite compounds, La0.7Sr0.3MnO3 (LSMO) has 

largest volume magnetostriction (~10-4), highest Curie temperature ~ 370K with colossal 
magnetoresistance (CMR) properties [8, 9]. Studies on the ME coupling effect in (0-3) 

nanocomposite (NC) films of LSMO/P(VDF-TrFE) shows that this composite exhibits a 

maximum ME coupling coefficient of 155.74 mV/Oe-cm [10]. Earlier, we have reported ME 
coupling coefficient for bi-layer (2-2) LSMO/P(VDF-TrFE) prepared by adhesive method which 
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shows a maximum of 16.88 mV/Oe-cm (Experimental value) and 14.32 mV/Oe-cm (Simulated 
value) [2]; however, these reported values are small compared to (0-3) composites which in 

general should not be. So, in this manuscript we have reported the ME coefficient of (2-2) 

LSMO/P(VDF-TrFE) prepared by taking the epoxy layer in between LSMO and P(VDF-TrFE) 

layers as well as developed the Finite element method (FEM) based simulation model. In this 
manuscript, the magnetoelectric effect of (2-2) LSMO/P(VDF-TrFE) composite in the form of 

bilayer (P-M) and tri-layer or sandwiched (P-M-P) structures are explored taking consideration of 

the following matters: the laminate composite was prepared by keeping the aspect ratio of the 
P(VDF-TrFE) and LSMO layer same (4mm×4mm) to increase the magnetostriction effect and 

also to measure physically the ME coupling coefficient [11,2]; the thickness of the P(VDF-TrFE) 

layer is kept 30μm for the effective transmission of the strain through the interface and to 
minimize the effect of in homogeneous strain distribution [12]; the thickness of the LSMO layer 

is kept 0.3 mm to reduce the required bias magnetic field, to decrease the brittleness of the 

composite, to reduce the eddy current effect and also to reduce the leakage of charges;the epoxy 

layer used to adhesion the LSMO and P(VDF-TrFE) layers is kept as thin as possible to transfer 
the strain through the interfaces easily [12]. The bilayer (P-M) and tri-layer or sandwich (P-M-P) 

structure were fabricated for ME coupling study whereas the (M-P-M) structure is neglected as 

this structure is more brittle and higher DC bias magnetic field is required for study. Further, 
FEM based model is developed in the COMSOL Multiphysics 6.0 software for the determination 

of the ME coupling coefficient (𝛼𝐻
𝑉 ) for the bi-layer (P-M) and tri-layer (P-M-P) structures. 

Finally simulated result is compared with the experimental results.  

 

2. EXPERIMENT DETAILS 
 

2.1. Experimental technique and FEM based ME simulation model  
 
LSMO nano particles is synthesized by sol gel auto combustion method [10]. P(VDF-TrFE) films 

were prepared by solution casting method [2]. The P-M and P-M-P type LSMO/P(VDF-TrFE) 

laminate composites was fabricated by adhesion of LSMO pellet (4mm×4mm×0.3mm) and 

P(VDF-TrFE) films (4mm×4mm×0.03mm) using epoxy. The schematic diagrams for the P-M 
and P-M-P structures are shown in the Fig. 1. The polarization of each P(VDF-TrFE) layer in the 

P-M and P-M-P structure is directed perpendicular of film surface by application of electric 

voltage of 1kV. The pre-requisite magnetic bias field is applied parallel to the laminate 
composite’s surface to align magnetization of LSMO layer.  

 

 
 

Figure 1. Schematic diagram of (a) bilayer (P-M) and (b) tri-layer (P-M-P) structure 

 
ME coupling measurement was performed by Lock-in technique and ME voltage was measured 

along the thickness direction (31-mode) of the bi-layer and tri-layer structures. The Schematic 

diagram of the ME coupling set-up is shown in the Fig.2(a). The DC magnetic field and AC 
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magnetic field are applied to samples by the Electromagnets and the Helmholtz coils respectively 
(Shown in Fig. 2(b)). The ME voltage is measured by the Lock-in amplifier at the reference 

frequency fed up by the function generator. A power amplifier is used to properly capture 

(amplify) the ME signal from the samples and send it to in the lock-in amplifier. Room 

temperature XRD pattern of P(VDF-TrFE) film, LSMO NPs and LSMO pellet have been done 
using Rigaku Geigerflex (Cu Kα radiation λ=1.5406Å) diffractometer. The magnetostriction(λ) 

of the LSMO layer is measured by the strain gauge technique. Room temperature 

magnetization(M) Vs. applied magnetic field(H) hysteresis is traced by S700X SQUID 
magnetometer. 

 

 
 

Figure 2. (a)Lock-in technique for the ME coupling coefficient measurement; (b)magnetic field directions 

in the sample position 

 

Finite element method (FEM) was also performed for the estimation of ME coefficient of 
LSMO/P(VDF-TrFE) bilayer (P-M) and tri-layer or sandwiched (P-M-P) composite. The 

developed coupled FEM based model in COMSOL Multiphysics 6.0 software and the 

assumptions for the modelling were described earlier [2]. In this model, “Solid mechanics", 
“Electrostatic” and “Magnetic field” physics as well as “Piezoelectric effect” and 

“Magnetostriction” Multiphysics were used in FEM modeling of laminated bi-layer and tri-layer 

LSMO/P(VDF-TrFE) composite (Shown in Fig. 3). Magneto-striction effect in the LSMO layer 
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was modeled by non-linear isotropic model [2]. Piezoelectric effect in P(VDF-TrFE) was 
modeled by linear constitutive equation of piezoelectricity [2]. 

 

 
 

Figure 3. Modules and Multiphysics used in the COMSOL simulation 

 

 
 

Figure 4. Geometry of the FEM based model in COMSOL Multiphysics 6.0 software and the structure of 

the of the P-M and P-M-P composites 

 
Geometry of the FEM based ME model set up in COMSOL Multiphysics 6.0 software and the 

structure incorporating the layers of LSMO, P(VDF-TrFE) and epoxy for the P-M and P-M-P 

composite are shown in the Fig. 4. In the COMSOL Multiphysics 6.0 FEM model set up, an AC 
magnetic field was applied using a pair of Helmholtz coils along.Acollinear DC biasing magnetic 

fieldwas applied with parametric sweep in the range (0-5) kOe. To solve the developed FEM 

model,“Small signal analysis” study was used[2,13]. An infinite air domain is considered in the 

modelling to accurately capture the behaviour of bilayer (P-M) and sandwiched (P-M-P) 
LSMO/P(VDF-TrFE) composite in magnetic field [2,13].  

 

2.2. Equations for the FEM based ME modelling in COMSOL 6.0 Multiphysics  
 

Applied magnetic field (H) produces magnetostriction (λ) in the LSMO layer by changing the 

shape of the LSMO layer with rotation of magnetization (M), M is modelled by the Nonlinear 
isotropic model and Langevin function as [14,15]: 
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𝑀 = 𝑀𝑆𝐿(|𝐻𝑒𝑓𝑓|)
𝐻𝑒𝑓𝑓

|𝐻𝑒𝑓𝑓|
........................ (1) 

𝐿 = coth (
3𝜒𝑚|𝐻𝑒𝑓𝑓|

𝑀𝑠
) −

𝑀𝑠

3𝜒𝑚|𝐻𝑒𝑓𝑓|
........... (2) 

𝐻𝑒𝑓𝑓 = 𝐻 +
3𝜆𝑆

𝜇0𝑀𝑆
2 𝜎𝑑𝑒𝑣𝑀......................... (3) 

𝐵 = 𝜇0(𝐻 + 𝑀)......................................(4) 

 

where H eff is the effective magnetic field;  𝜆𝑠 is the saturation magnetostriction corresponding to 

saturation magnetization (𝑀𝑠); 𝜒𝑚 is the magnetic susceptibility of the magnetic material, 𝜇0 is 

the magnetic permeability; 𝜎𝑑𝑒𝑣  is the deviatoric stress tensor; B is the magnetic induction 

intensity and H is the magnetic field intensity. 

 

The magnetostrictive strain (𝜀𝐻
𝑚) is expressed as [14,15]: 

 

𝜀𝐻
𝑚 =

3

2

𝜆𝑠

𝑀𝑆
2 𝑑𝑒𝑣(𝑀⨂𝑀)..............………..(5) 

 

where, 𝑑𝑒𝑣(𝑀⨂𝑀) = 𝑀𝑖𝑀𝑗  i. e. represents the deviatoric tensors of M. 

The stress tensor (𝜎𝑚) with the applied H is related to the strain tensor as [15]: 

 

𝜎𝑚 − 𝜎0
𝑚 = 𝐶𝐸

𝑚(𝜀𝑚 − 𝜀𝐻
𝑚)......................(6) 

 

where, 𝜎0
𝑚 is the initial stress tensor and 𝜀𝑚 is the initial strain tensor; 𝐶𝐸

𝑚is the elastic matrix 
which is a function of Young’s modulus (Y) and Poisson’s ratio (σ). 

 

The strain generated in the LSMO layer by H passes to the P(VDF-TrFE) layer which produces 

the output electric voltage. The strain and output electric voltage in the P(VDF-TrFE) layer is 
modelled by the equations of the piezoelectric effect [14,15]: 

 

𝜀𝑝 = 𝑆𝐸 𝜎𝑝 + 𝑑𝑇𝐸....................................(7) 

𝐷 = 𝑑𝜎𝑝 + 𝜖𝐸..........................................(8) 

 

where 𝜀𝑝 is the strain tensor; 𝑆𝐸  is the compliance tensor; d is the piezoelectric coefficient tensor; 

D is the electric displacement tensor, E is the electric field tensor and 𝜖 is the permittivity tensor 
of the piezoelectric material. The parameters and the value used in the ME effect modelling in 

COMSOL Multiphysics 6.0 software for the P(VDF-TrFE) layer, LSMO layer and epoxy layer 

are listed in Table 1, Table 2 and Table 3 respectively. 
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Table 1. Parameters value used in the FEM modelling for P(VDF-TrFE) layer 

 
Property Parameter value 

Density 1850 Kg/m3 

Compliance matrix (𝑆𝐸) 

2
10

3.32 1.44 0.89 0 0 0

3.34 0.86 0 0 0

3 0 0 0
10

94 0 0

96.3 0

14.4

m

N



  
 


 
 

 
 
 
 
 

 

Coupling matrix(d) 

12

0 0 0 0 36.3 0

0 0 0 40.6 0 0 10

10.7 10.1 33.5 0 0 0

C

N



 
 

 
 
  

 

Relative permittivity matrix(𝜖) 7.4 0 0

0 7.95 0

0 0 7.9

 
 
 
  

 

 
Table 2. Parameters value used in the FEM modelling for LSMO layer 

 

Property Parameter value 

Young Modulus 
113GPa 

Poisson’s ratio 0.36 

Density 6450 Kg/m3 

Saturation magnetostriction 20 ppm 

 
Table 3. Parameters value used in the FEM modelling for epoxy layer 

 
Property Parameter value 

Density 1400 Kg/m3 

Young Modulus 1.85GPa 

Poisson’s ratio 0.33 

 

3. RESULTS AND DISCUSSION 
 
Room temperature XRD pattern of the P(VDF-TrFE) film is shown in the Fig. 5(a), which shows 

the existence of the (110)/(200) characteristic β-peak of P(VDF-TrFE); hence polar P(VDF-

TrFE) phase has been formed. The XRD- pattern of the LSMO NPs and LSMO pellet also have 

been shown in the Fig.5(a) which shows the phase formation in accordance of JCPDS card no. 
00-051-0409. Fig. 5(b) shows the room temperature of (M Vs. H) hysteresis plot of LSMO pellet, 
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this plot shows the ferromagnetic nature of the LSMO layer with saturation magnetization (Ms) ~ 
4 emu/g with very low coercivity (~10 Oe). The M2-H plot at the room temperature for LSMO 

layer 

 

is shown in Fig. 5(c). Since, there is a proportionality relation between magnetostriction (λ) and 
M2, the information of magnetostriction (λ) can be explored from this plot. It may be predicted 

that, λ increases up to Ms with the increase of M then it saturates. The variation of dM2/dH with 

H for LSMO layer is shown in Fig. 5(d). Since, 𝛼𝐻
𝑉  is proportional to dM2/dH or dλ/dH, this plot 

(Fig. 5(d)) shows the correlation of dM2/dH with 𝛼𝐻
𝑉  . This correlation signifies that, 𝛼𝐻

𝑉increases 

up to a value where dλ/dH maximizes or maximum strain transferred, then 𝛼𝐻
𝑉falls with increase 

in H [16]. Fig. 5(e) shows the variation of in-plane magnetostriction of LSMO pellet with the H, 
it is observed that, with the increase in H, in-plane magnetostriction increases and attains a 

saturation value ~ 20 ppm. The corresponding piezomagnetic coefficient (q =
𝑑𝜆

𝑑𝐻
) [16,10] for the 

LSMO pellet is also shown in the Fig.5(e), which is found to be q=0.033 ppm/Oe. 
 

The variation of experimental 𝛼𝐻
𝑉  (in 31-mode) in the response to the in-plane applied HDC for tri-

layer (P-M-P) and bilayer (P-M) LSMO-P(VDF-TrFE) laminated structure are shown in Fig. 6 

(a) and Fig. 6 (b) respectively. The variation of FEM simulated 𝛼𝐻
𝑉  (in 31-mode) with HDC for tri-

layer (P-M-P) and bilayer (P-M) LSMO-P(VDF-TrFE) laminated composites are shown in Fig. 

6(c). Both experimental and simulated 𝛼𝐻
𝑉  increases with HDC and attains maximum amplitude at 

a certain optimum field of HDC (HDC. OPT.) and then decreases non-linearly with further increase of 

HDC. The experimental and simulated 𝛼𝐻
𝑉  values for P-M-P and P-M structures differ in 

magnitude and point of origin. The experimental and simulated 𝛼𝐻
𝑉  values for both the structures 

are tabulated in the Table 4. Tri-layer(P-M-P) composite is showing higher 𝛼𝐻
𝑉  compared to the 

bi-layer(P-M) structure and the required bias field is also higher in P-M-P structure compared to 

P-M structure. 
 

When HDC is applied in in-plane direction, the magnetic moments of the LSMO layer rotates and 

gets aligned in the field direction by joule magnetostriction (λ) [17,10]. Above a certain optimum 
field of HDC, λ saturates for higher field above HDC. As a result, the rate of change of λ with H 

diminishes which diminishes the response of magnetic moments with the H [16,10]. The 

generated strain in LSMO layer is passed to the elastically coupled P(VDF-TrFE) layer, which 

changes the polarizations of the electric dipoles of P(VDF-TrFE) along the thickness of the 
P(VDF-TrFE) layer [10,16,17].Thus, ME voltage is produced in the P(VDF-TrFE) layers are 

along the thickness of the P-M and P-M-P structures. The higher ME voltage generated in the tri-

layer structure may be explained as: two P(VDF-TrFE)-LSMO interfaces in the P-M-P structure 
transfers higher interfacial strain than the strain passed through the single layer in the P-M or 

bilayer structure [18]. The requirement of higher magnetic bias magnetic field in the tri-layer 

structure can be explained as: two epoxy layer present in the P-M-P structure constrained the 
magnetostriction produced by the LSMO layer; so, to produce the same amount of 

magnetostriction as compared to P-M structure higher bias magnetic field is required in the P-M-

P structure [19].   

 
The deviation in the starting point of experimental and simulated results is mainly due to the 

assumptions of zero the remnant polarization in P(VDF-TrFE) phase and remnant magnetization 

in LSMO phase during simulation. In experiment, the output voltage obtained only when LSMO 
layer is magnetically poled and P(VDF-TrFE) layer is electrically poled. So, the sample is 

already in remnant magnetization and remnant polarization state.  This is the reason why the 

simulated curve started from origin and experimental curve starts from finite value. The deviation 

in magnitude in the simulated and experimental 𝛼𝐻
𝑉  may be attributed to limitation software to 

incorporate remnant magnetization and polarization in the modelling and use of power amplifier 
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the ME coupling experimental set up (shown in the Fig. 2(a)) which may amplifies the ME 
voltage. 

 

 
 

Figure 5. (a) Room temperature XRD pattern of the as casted P(VDF-TrFE) film, synthesized LSMO pellet 

and NPs along with the JCPDS pattern of LSMO NPs; (b) Room temperature M-H hysteresis curve, (c) 

M2-H variation of LSMO pellet, and (d) dM2/dH Vs. H plot of LSMO Pellet; (e) Variation of in-plane 

magnetostriction (λ) and piezomagnetic coefficient (q) of LSMO pellet with applied magnetic field 
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Figure 6. Plot of experimentally determined 𝛼𝐻
𝑉  with H for (a) tri-layer (P-M-P) and (b) bi-layer(P-M) 

LSMO/P(VDF-TrFE) laminate composites; (c) Plot of FEM based ME simulation results for variation 

of𝛼𝐻
𝑉 with H by COMSOL Multiphysics 6.0 software for tri-layer (P-M-P) and bi-layer(P-M) 

LSMO/P(VDF-TrFE) laminate composites 

 
Table 4. Experimental and simulated ME coefficient and bias field for bi-layer and tri-layer 

LSMO/P(VDF-TrFE) composite. 

 

Sample 

ME coefficient 

(Experimental) 

(mV/Oe-cm) 

Bias field 

(Experimental) 

(kOe) 

ME coefficient 

(Simulated) 

(mV/Oe-cm) 

Bias field 

(Simulated) 

(kOe) 

Bilayer or  

P-M structure 
186.10 1.37 18.65 1.30 

Tri-layer or 

P-M-P structure 
266.07 1.49 27.34 1.31 

 

4. CONCLUSION 
 

ME effect in the (P-M) configured bilayerand P-M-P configuredtri-layered or sandwiched 

structure of(2-2) LSMO/P(VDF-TrFE) laminated composites are explored both experimentally 
by lock-in technique and by finite element method (FEM) based simulation model in COMSOL 

Multiphysics 6.0 software. The experimental study on ME coupling coefficient reveals that “𝛼𝐻
𝑉”  
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is higher for tri-layer structure and the required bias magnetic field is also higher compared to 
bilayer structure.In the FEM based simulation,the magneto-strictive effect in LSMO layer was 

modelled by non-linear isotropic model whereas piezoelectric effect in P(VDF-TrFE) was 

modelled by linear constitutive equation of piezoelectricity. The nature of simulated results verify 

strain mediated ME effect and validate the experimental results obtained by the lock-in 
technique. 
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