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ABSTRACT 

The  magnetoelectric  composites :   (y) [Li0.5-x/2MgxFe2.5-x/2O4 ] + (1-y) [BaTiO3] with x 

= 0.1, 0.5 and y = 0.1, 0.3, 0.5, 0.7, 0.9 are successfully synthesized using standard 

ceramic technique.  The X-ray diffraction studies revealed the  coexistence of  

piezomagnetic and piezoelectric phases without interacting with each other.  The lattice 

parameter values of ferrite  phase increases slightly whereas that of ferroelectric phase 

decreases slightly with increase in composition parameter (y) and is attributed to the 

variation of stress with (y). The SEM  micrograph studies reveal  that  the  grain size  in 

the composites  is not varied much with the composition parameter (y).  The   curves in 

the  log  vs. 1000/T  plots  change the slope at three regions. The first break is observed 

at around 400 K in all the samples and the composites in this region have more ordered 

ferroelectric and ferromagnetic phases. In the second region (400K to 600 K) 

piezoelectric phase is in paraelectric state while  piezomagnetic phase is in ferromagnetic 

state. In this region the conduction mechanism is due to polaron hopping. Beyond 600K 

all the  curves of samples shows another phase transition and during this the 

ferromagnetic phase of the composites undergo a phase transition to paramagnetic state. 

The activation energy values in paramagnetic  andparaelectric region are greater than that 

of ferroelectric  region.  The activation energy values in paramagnetic and paraelectric  

region are greater than 0.2 eV indicating  that the electron hopping between L
2+

/Li
1+

, 

Mg
3+

/Mg
2+

,  Ba
3+

/Ba
2+

, Fe
3+

/Fe
2+

 are responsible for electrical conduction mechanism. 

The resistivity increases with content of ferrite in mole % upto y = 0.5 and then decreases 

beyond this value of composition parameter (y). The presence of  Mg
2+

 ions and the 

cation distribution are responsible for this.  The decrease of resistivity beyond y = 0.5 

could be  due to decrease in the disorderness/Fe content   within the composites. 

Key words : Ferrites, Ferroelectrics, ME Effect,  ME composites, Curie Temperature  
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INTRODUCTION   

 The research on MagnetoelectricEffect  and  on the materials which exhibit this 

phenomenon goes back to  a century.  When a magnetic material is kept under the influence 

of a magnetic field, a strain is developed in the material due to the movement of domains.  

This developed strain could do some mechanical work such as dipole orientation in one 

direction, if such a material is coexisted with this magnetic material. This polarization leads 

to development of some voltage. This phenomenon is referred as magnetoelectric  effect and 

the developed voltage is called as the ME voltage [1]. This phenomenon was observed first in 

the single phase Cr2O3 material during  late 1960, but the magnitude  of the developed ME 

voltage was very less [2, 3].  However, in the past a decade, much work has been done on the 

multiferroic systems which have been  fabricated by using ferromagnetic and ferroelectric 

phases and the magnitude of the ME voltage developed in these systems is enormous[1]. This 

led to the development of devices which work under both electric and magnetic fields. 

 To achieve good ME voltage the following facts should be taken care of  - i) the 

coexistence of a piezomagnetic (ferromagnetic/ferrimagnetic) material with high values of 

magnetostrictive coefficient and a piezoelectric (ferroelectric) material with high values of 

piezoelectric coefficient is essential, ii) the Curie temperature of  ferroelectric phase  and the 

Neel temperature of ferromagnetic phase should be high. iii) the resistivity of the 

piezomagnetic phase should be high otherwise, the electrical poling becomes difficult due to 

the leakage of charges.iv) the resistivity of magnetic phase and ferroelectric phase should be 

comparable. 

In many of the reported studies,  CoFe2O4, CuFe2O4, CoCuFe2O4, NiCoCuFe2O4 etc. 

are used as magnetic end members and BaTiO3, BaSrCaNbO6, PbZrTiO3, BaSrTiO3etc. are 

used as ferroelectric end members [4-10]. But no reports have been found on the ME system 

which possess LiMgFe2O4 as magnetic end member  and BaTiO3 as ferroelectric end 

member.Li-containing ferrites are technologically  very important ones as they are  known for 

their specialized properties such as high curie temperature, squareness in  hysteresis loop, 

high saturation magnetization, large values of dielectric constant  and high resistivity.  The 

presence of Li in ferrimagnetic phase is expected  to increase the Curie temperature and 

resistivity of the composites. The enhancement in these properties is very essential for the 

improvement of ME output of these composites.  Then coming to the material- BaTiO3, it is 

an excellent material, well known for its ferroelectric  properties and finds many applications 

in  fabrication of sensors, RAM’s transducers, acoustic activators etc. Therefore, in the 

present investigation we haveselected the Li-Mg ferrite as the piezomagnetic phase and 

BaTiO3as  piezoelectric phase in the composites under study. 

 

EXPERIMENTAL 

In the present investigation, the conventional ceramic method was used to prepare the 

ferrite phases having general formula Li0.5-x/2MgxFe2.5-x/2O4 with x = 0.1 and 0.5. High purity 

AR grade Li2CO3,  MgO and Fe2O3 are used as starting materials. These oxides were mixed 

in their required molar proportions and ground in agate mortar in acetone medium for two to 

three hours. The powder mixture was presintered at 700ºC for 10 hrs  and final sintered at 
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1000º C for 12 hrs.  The ferroelectric phase viz., BaTiO3 was prepared by using the same 

method by taking AR grade BaCO3 and TiO2 as starting materials and presintered at 700ºC 

for 10 hrs. They were final sintered at 1000ºC for 12 hrs. The presintered powders were 

milled again for 2-3 hrs. to get smaller sized particles and sieved to eliminate large sized 

particles. The ME composites were prepared by mixing 10, 30, 50, 70 and 90 mole % of 

ferrite phase with 90, 70, 50,30 and 10 mole % of ferroelectric phase respectively after 

confirming single phase formation i.e., ferrite phase having cubic spinel structure and 

ferroelectric phase with tetragonal perovskite structure using XRD. The mixed powder of 

composites was again milled in agate mortar for 2-3 hrs and mixed with 2-3 drops of 

polyvinyl alcohol as a binder. The composite powders were pressed into pellets of  10 mm 

diameter and 2-4 mm thickness using a hydraulic press by applying a pressure of about 7 

tonnes/inch
2 

for 6-7 minutes. The pellets were finally sintered at 1050ºC for 12 hrs in a 

muffle furnace and were furnace cooled to room temperature in air to yield the end product. 

Two different series of composites were prepared for the present work as specified 

below: 

Series Ferrite phase Ferroelectric 

phase 

ME Composites 

y = 0.1, 0.3, 0.5, 0.7, 0.9 

P Li0.45Mg0.1Fe2.45O4 BaTiO3 
(y) Li0.45Mg0.1Fe2.45O4+  (1-y)BaTiO3 

Q Li0.25Mg0.5Fe2.25O4 (y) Li0.25Mg0.5Fe2.25O4+ (1-y)BaTiO3 

 

  

The X-ray diffraction studies of the samples were carried out  at Baba Atomic Research 

Center, Mumbai, by using X-ray diffractometer – PHILIPS PW 1710 which uses Cu target 

and emits K radiation of wavelength 1.5418 Å.The 2θ angles are varied in the range 20-90˚. 

The DC electrical resistivity of the samples was measured by two probe method on 

pellets of dimension 1cm in diameter and 0.2-0.3cm thick from room temperature to 500˚C. .  

The resistivity ρ was calculated using the relation: 

   ρπr
2
R/t                                

where, t = thickness of pellet in cm. and r = radius of the pellet in cm.   From the plots of logρ 

vs. 1000/T, activation energy of all the samples was calculated. 

 

RESULTS AND DISCUSSION 

 The diffraction pattern of the representative  composite material – 10 % 

[Li0.45Mg0.1Fe2.45O4] +  90 %  [ BaTiO3] belonging to P-series is as shown in Fig. 1.It is clear 

from the XRD  pattern that  the ferrite phase  with cubic spinel structure and the ferroelectric 

phase with perovskite structure  coexists without reacting  with each other. The intensity 

peaks of  ferroelectric phase are identified using ASTM data and are shown in the figure. The 

remaining low intense peaks  belongs to ferrite phase.  The observed low intensity in ferrite 

phase peaks  may be due to   lesser amount of ferrite phase (10%) present in the composite. 

Similar kind of observation is found  in many composite systems studied [4-8].  
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The lattice constants for both the phases with respect to the dominant peak was 

calculated and are presented in the Table-1 (P-Series) and Table-2 (Q-Series).  It is clear from 

both the tables that the lattice parameter  values of both the phases are not varied much with 

respect to the composition parameter (y). This also indicates that both the phases are not 

reacted to produce a mixed phase.  However,  careful observation on both the tables reveals 

that, the lattice parameter values of ferrite phase increases slightly whereas that of 

ferroelectric phase decreases slightly with increase in composition parameter (y). This may 

be due to the stress developed on ferrite phase at lower values of (y) and subsequent release 

in stress at higher value of(y)[4, 10-12]. The latticeparameter values obtained for ferrite and 

ferroelectric phases in the present study are in good agreement with the values reported for 

similar kind of systems [9, 10, 13]. 

Table -1 : Lattice parameter values for the composites (P-Series) 
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Fig.1 : The  representative  XRD pattern of the composite sample                                                

10 %  [Li0.45Mg0.1Fe2.45O4] +  90 %  [ BaTiO3] 

 

Composites 

Ferrite 

Phase 

Ferroeloectric Phase 

a  (Ǻ) a  (Ǻ) c (Ǻ) c/a 

10%[ Li0.45Mg0.1Fe2.45O4]+90%[BaTiO3] 8.320 3.980 4.045 1.016 

30%[ Li0.45Mg0.1Fe2.45O4]+70%[BaTiO3] 8.325 3.989 4.030 1.010 

50%[ Li0.45Mg0.1Fe2.45O4]+50%[BaTiO3] 8.333 3.999 4.035 1.009 

70%[ Li0.45Mg0.1Fe2.45O4]+30%[BaTiO3] 8.350 3.925 4.033 1.027 

90%[ Li0.45Mg0.1Fe2.45O4]+10%[BaTiO3] 8.356 3.923 4.025 1.023 
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Table -2 : Lattice parameter values for the composites (Q-Series) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A typical  SEM micrograph of the composite which belongs to P-Series 

viz.,10%[Li0.45Mg0.1Fe2.45O4] + 90%[BaTiO3] is shown in the Fig.2. They show the co-

existence of two phases in composites. The average grain size in each composite in both the 

series of composites is given in Table 3. It is clear from the table-3that  the  grain size  in the 

composites  is not varied much with the composition parameter (y).  This is due to the fact 

that the sufficient grain growth  would have been taken place at the time of  synthesizing the 

individual phases. When two phases viz.,  piezomagnetic and  piezoelectric  are mixed in a 

proportion to make the composites, due to the  coexistence of   both the phases  the grain 

growth is hindered [8,9]. 

 

 

Composites 

Ferrite 

Phase 

Ferroeloectric Phase 

a  (Ǻ) a  (Ǻ) c (Ǻ) c/a 

10%[ Li0.25Mg0.5Fe2.25O4]+90%[BaTiO3] 8.310 3.996 4.034 1.009 

30%[ Li0.25Mg0.5Fe2.25O4]+70%[BaTiO3] 8.315 3.991 4.036 1.011 

50%[ Li0.25Mg0.5Fe2.25O4]+50%[BaTiO3] 8.330 3.950 4.039 1.022 

70%[ Li0.25Mg0.5Fe2.25O4]+30%[BaTiO3] 8.342 3.929 4.037 1.027 

90%[ Li0.25Mg0.5Fe2.25O4]+10%[BaTiO3] 8.345 3.916 4.030 1.029 

 

 

Fig. 2.A  representative  SEM  micrograph of  the  composite  sample 

10 %  [Li0.45Mg0.1Fe2.45O4] +  90 %  [ BaTiO3] belongs to P-series. 
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The dependence of DC resistivity on temperature for   (y)[Li0.5-x/2MgxFe2.25-x/2O4]+  

(1-y) [BaTiO3] (where x = 0.1, 0.5 and y = 0.1, 0.3, 0.5, 0.7 and 0.9)  magnetoelectric 

composites is as shown in Fig.3 (P-series) and Fig. 4 (Q-series). The resistivity of the 

composites in both the series decreases with increase in temperature exhibiting 

semiconductor behaviour [14]. The decrease in electrical conduction in ferrites could be 

explained by the Verwey de-Bohr [15] mechanism involving electron exchange between ions 

of the same element which are present in more than one valence state and distributed 

randomly over crystallographically equivalent lattice sites. The decrease in resistivity with 

increase in temperature is attributed to the increase in mobility of the charge carriers.  The 

decrease in resistivity with temperature can be explained by hopping conduction mechanism, 

which attributes such behavior to thermally activated drift mobility of charge carriers [16].  

The resistivity of ferrite materials depend on the concentration of Fe
2+

 ions formed in the 

sample during sintering. It also depends on presence of impurity ions, change in crystal 

structure, grain structure, magnetic ordering and porosity. During preparation of the samples 

depending on the sintering conditions, considerable amount of Fe
2+  

ions can be formed 

owing to reduction of Fe
3+ 

ions to Fe
2+

 ions. Evaporation of Li
1+

 during sintering also 

generates Fe
2+

 ions. In Lithium ferrite, Li
1+

 ions enter the lattice in combination with Fe
3+

 

ions resulting in a lower concentration of Fe
2+

 ions and have  higher resistivity which is the 

prime requirement  to get high ME coefficient [17]. 

P-Series :  (y)Li0.45Mg0.1Fe2.45O4 + (1-y) BaTiO3 

Composition (y) 
Average grain size 

(μm) 

0.1 0.382 

0.3 0.438 

0.5 0.412 

0. 7 0.377 

0.9 0.365 

Q – series  :  (y)Li0.25Mg0.5Fe2.25O4 +(1-y) BaTiO3 

Composition (y) 
Average grain size 

(μm) 

0.1 0.374 

0.3 0.315 

0.5 0.328 

0. 7 0.335 

0.9 0.323 

 

Table 3 :  Variation of  average grain size with  composition in the composites. 
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Fig. 3.  Variation of dc resistivity with temperature for   P - series  : 

y [Li0.45Mg0.1Fe2.45O4] + (1-y) [BaTiO3] 
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A close observation of Figs. 3 and 4, its clear that the  characteristic curves in the plot 

of logdc vs. 1000/T, change their slopes at three regions. The first break is observed at 

around 400 K in all the samples. Temperature  up  to 400 K, the composites have more 

ordered ferroelectric and ferromagnetic phases and beyond 400 K, the ordered ferroelectric 

phase takes a phase transition to a randomized paraelectric state. This transition temperature 

is referred as ferroelectric Curie temperature and its values are in good agreement with the  

values reported for other similar type  of composites [8, 17]. 

 The conduction mechanism in each  region is different. The conduction mechanism in 

the first  region (i.e.   400 K) is attributed to the conduction by impurity ions. In the second 

region (400K to 600 K) piezoelectric phase is in paraelectric state while  piezomagnetic phase 

is in ferromagnetic state. But in this region the conduction mechanism is due to polaron 

hopping [18]. Beyond 600K all the  curves of samples shows another phase transition and 

during this the ferromagnetic phase of the composites undergo a phase transition to 

paramagnetic state. This transition temperature is referred to as ferrimagnetic Neel 

temperature.  The polaron  mechanism in this region could be hindered  due to magnetic 

disordering in the samples [19].    

In ME composites, electrons are localized and there is little overlap between the wave 

functions of ions situated on adjacent sites. These ions occasionally come  so close due to 

lattice vibration that there exists high probability for transfer  of electron from one ion to 

another. Hence mobility is temperature dependent and is characterized by activation energy. 

The activation energy for all samples corresponding to three regions was obtained by fitting 

the DC resistivity  data with the Arrhenius relation (ρ ρ0exp (Eg /kT ). The activation energy 

values are given in the Table 4. It is clear from the table that the activation energy values 

increase as we move from low temperature side to  high temperature side.  This is so because 

we are moving from order state to disordered state. The activation energy in paramagnetic  

and paraelectric region is greater than that of ferroelectric  region  and is in good agreement 

with the theory of Irkhin and Turov [18]. In the present study, the activation energy values in 

paramagnetic and paraelectric  region are greater than 0.2 eV indicating  that the electron 

hopping between L
2+

/Li
1+

, Mg
3+

/Mg
2+

,  Ba
3+

/Ba
2+

, Fe
3+

/Fe
2+

are responsible for electrical 

conduction mechanism. The activation energy values in the present study indicates the 

temperature dependent charge mobility  [19]. 

Table 4. Data on activation energies for  ME composites. 

 

 

 

 

 

 

 

 

 

 

Composition 

(y) 

Activation Energy  (eV) 

Paramagnetic 

region 

Paraelectric 

region 

Ferroelectric region 

P – Series (y) Li0.45Mg0.1Fe2.45O4+  (1-y)BaTiO3 

y = 0.1 0.64 0.28 0.065 

y = 0.3 0.71 0.20 0.060 

y = 0.5 0.75 0.29 0.075 

y = 0.7 0.74 0.27 0.068 

y = 0.9 0.68 0.21 0.066 

Q – Series (y) Li0.25Mg0.5Fe2.25O4+ (1-y)BaTiO3 

y = 0.1 0.65 0.29 0.065 

y = 0.3 0.66 0.32 0.070 

y = 0.5 0.71 0.20 0.072 

y = 0.7 0.75 0.21 0.072 

y = 0.9 0.62 0.15 0.074 
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The variation of DC resistivity at room temperature with rise in content of ferrite in 

mole % for both the P and Q series of composites is as shown in Fig. 5. The resistivity 

increases with content of ferrite in mole % upto y = 0.5 and then decreases beyond this value 

of composition parameter (y). Generally, resistivity of ferrite phase is less than the 

ferroelectric phase. But, in the present investigation, the ferrite phase chosen is Li0.5-

x/2MgxFe2.5-x/2O4. Li
1+

 ions occupy  the B – site along with Fe
3+

 ions thereby the formation of  

Fe
2+

 ions is hindered [13]. Also, the addition of Mg
2+

 ions in to the  matrix of ferrites is 

known to increase the resistivity of  ferrites. Thus, these two factors makes the resistivity of  

ferrite phase comparable to that of the ferroelectric phase. As the ferrite content  increases up 

to y = 0.5 the composites may turn in to a most disordered  state. All these factors  may be 

responsible  for the rise of resistivity up to y = 0.5.  The decrease of resistivity beyond y = 0.5 

could be definitely due to decrease in the disorderness  within the composites. Similar results 

have been reported  by other researchers [16, 9].  Microstructures like vacancies, dislocations, 

grain boundaries, imperfections also contribute to the resistivity of the composites [20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION   

 The  magnetoelectric  composites :   (y) [Li0.5-x/2MgxFe2.5-x/2O4] + (1-y) [BaTiO3] with x = 

0.1, 0.5 and y = 0.1, 0.3, 0.5, 0.7, 0.9 are successfully synthesized using standard ceramic 

technique.  The X-ray diffraction studies revealed the  coexistence of  piezomagnetic and 

piezoelectric phases without interacting with each other. The  careful observation on  the 

variation of   lattice parameter  with composition parameter (y)  reveals that, the lattice 

parameter values of ferrite  phase increases slightly whereas that of ferroelectric phase 

decreases slightly with increase in composition parameter (y). This may be due to the stress 

developed on ferrite phase at lower values of y and subsequent release in stress at higher 
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value of y. From the SEM  micrograph studies it  is observedthat  the  grain size  in the 

composites  is not varied much with the composition parameter (y).  This is due to the fact 

that the sufficient grain growth  would have been taken place at the time of  synthesizing the 

individual phases.  

The   curves in the  log   vs. 1000/T  plots  change the slope at three regions. The 

first break is observed at around 400 K in all the samples. Temperature  up  to 400 K, the 

composites have more ordered ferroelectric and ferromagnetic phases and beyond 400 K, the 

ordered ferroelectric phase takes a phase transition to a randomized paraelectric state. The 

conduction mechanism in the first  region (i.e.   400 K) is attributed to the conduction by 

impurity ions. In the second region (400K to 600 K) piezoelectric phase is in paraelectric 

state while  piezomagnetic phase is in ferromagnetic state. In this region the conduction 

mechanism is due to polaron hopping. Beyond 600K all the  curves of samples shows another 

phase transition and during this the ferromagnetic phase of the composites undergo a phase 

transition to paramagnetic state.   The polaron  mechanism in this region could be hindered  

due to magnetic disordering in the samples.    

The  activation energy values increase as we move from low temperature side to  high 

temperature side.  This is so because we are moving from order state to disordered state. The 

activation energy in paramagnetic  and paraelectric region is greater than that of ferroelectric  

region.The activation energy values in paramagnetic and paraelectric  region are greater  0.2 

eV indicating  that the electron hopping between L
2+

/Li
1+

, Mg
3+

/Mg
2+

,  Ba
3+

/Ba
2+

, 

Fe
3+

/Fe
2+

are responsible for electrical conduction mechanism. The resistivity increases with 

content of ferrite in mole % upto y = 0.5 and then decreases beyond this value of composition 

parameter (y). The presence of  Mg2+ ions and the cation distribution is responsible for this.  

The decrease of resistivity beyond y = 0.5 could be  due to decrease in the disorderness  

within the composites.  
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